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ABSTRACT
The Geological Survey TRIGA reactor (GSTR) is a 1 MW Mark I TRIGA reactor
located in Lakewood, Colorado. Single channel GSTR thermal hydraulics models built
using RELAP5/MOD3.3, RELAP5-3D, TRACE, and COMSOL Multiphysics predict the
fuel, outer clad, and coolant temperatures as a function of position in the core. The results
from the RELAP5/MOD3.3, RELAP5-3D, and COMSOL models are similar. The TRACE
model predicts significantly higher temperatures, potentially resulting from inappropriate
convection correlations. To more accurately study the complex fluid flow patterns within
the core, this research develops detailed RELAP5/MOD3.3 and COMSOL multichannel
models of the GSTR core. The multichannel models predict lower fuel, outer clad, and
coolant temperatures compared to the single channel models by up to 16.7 ◦C, 4.8 ◦C, and
9.6 ◦C, respectively, as a result of the higher mass flow rates predicted by these models.
The single channel models and the RELAP5/MOD3.3 multichannel model predict that the
coolant temperatures in all fuel rings rise axially with core height, as the coolant in these
models flows predominantly in the axial direction. The coolant temperatures predicted by
the COMSOL multichannel model rise with core height in the B-, C-, and D-rings and
peak and then decrease in the E-, F-, and G-rings, as the coolant tends to flow from the
bottom sides of the core to the center of the core in this model. Experiments at the GSTR
measured coolant temperatures in the GSTR core to validate the developed models. The
axial temperature profiles measured in the GSTR show that the flow patterns predicted
by the COMSOL multichannel model are consistent with the actual conditions in the core.
Adjusting the RELAP5/MOD3.3 single and multichannel models by modifying the axial and
cross-flow areas allow them to better predict the GSTR coolant temperatures; however, the
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The Geological Survey TRIGA reactor (GSTR) is a Mark I TRIGA reactor with a
maximum steady state thermal power output of 1 MW. In addition, the GSTR can operate in
pulse mode with a maximum allowable pulse reactivity insertion of $3 (DeBey et al., 2012).
The GSTR was built in 1969 and is located on the Denver Federal Center in Lakewood,
Colorado. It is a swimming pool type reactor fueled with uranium-zirconium hydride fuel.
The GSTR provides many services, including neutron activation analysis, delayed neutron
analysis for uranium and thorium assay, radioisotope production, fission track experiments,
neutron radiography, and neutron irradiation for argon dating (Day, 2004; U.S. Geological
Survey, 2009). After construction of the GSTR, the Nuclear Regulatory Commission (NRC)
granted the facility an operating license in 1969.
The operating license for the GSTR expired in 2009 and the GSTR relicensing application
was submitted to the Nuclear Regulatory Commission (NRC) in the same year. In support of
the application, the Colorado School of Mines performed thermal hydraulics and neutronics
analyses using the RELAP5/MOD3.3, PARET, and MCNP5 codes to update the GSTR
safety analysis as part of the relicensing process to assure the safe operation of the GSTR
during steady and transient operations (Shugart and King, 2014). The MCNP5 model
predicts the neutronics data (multiplication factors and fuel element power profiles) for
the GSTR during normal operation (915 kW reactor power) (Shugart and King, 2014).
Based on the fuel element power profiles predicted by MCNP5, the RELAP5/MOD3.3 and
PARET models predict fuel, inner clad, outer clad, and coolant temperatures for the hot
fuel element (22.2 kWth) coolant channel. The RELAP5/MOD3.3 relicensing model predicts
void formation in the coolant channels when the fuel element power exceeds 15 kW (Shugart,
2013).
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The NRC uses TRACE, an advanced thermal hydraulics code for Pressurized- and
Boiling-Water Reactors (TRACE V5.0 Team, 2007a), to validate the thermal hydraulics
results predicted by the licensee. The TRACE simulations performed by a NRC contractor
predicted void formation within the GSTR coolant channels at fuel element powers
significantly less than 15 kW. The NRC contractor’s TRACE model of the GSTR also
predicted that there would be slug flow in the coolant channels at operating powers as low
as 520 kW.
This research develops single channel GSTR thermal hydraulics models using a range
of U.S. Nuclear Regulatory Commission, Department of Energy, and commercial codes,
including RELAP5/MOD3.3 (Information Systems Laboratories, Inc., 2001a), RELAP5-3D
(Schultz, 2012), TRACE (TRACE V5.0 Team, 2007a), and COMSOL Multiphysics
(COMSOL Multiphysics Team, 2012) to understand the codes’ differences and limitations.
The single channel models predict fuel, clad, and coolant temperatures depending on the
average coolant cross-sectional area in each fuel ring, with inlet and outlet areas equal to the
cross-sectional area. In the single channel models, coolant flows directly from the bottom of
the channel to the top of the channel as a result of natural convection driven by the heat
produced by fuel element. In reality, the channels within the reactor core are connected to
each other, so the coolant can flow between adjacent channels, depending on coolant density
variations within the core. This is especially true in cores with non-uniform power densities,
such as the GSTR.
To more accurately predict the complex flow patterns that exist within the core, this
project develops a detailed three-dimensional multichannel geometric representation of the
GSTR coolant water, along with a multichannel model of heat transfer and fluid flow in
one-sixth of the GSTR core using the COMSOL Multiphysics code. In addition, this project
develops a detailed multichannel model of heat transfer and fluid flow in the GSTR full core
using the RELAP5/MOD3.3 code. The COMSOL and RELAP5/MOD3.3 multichannel
models incorporate the complex inlets and outlets in the top and bottom grid plates to
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study the effects these openings have on the coolant cross-flow. This project considers the
impact of coolant cross-flow on the fuel, clad, and coolant temperatures in the fuel rings
of the GSTR, and highlights the differences in the results from the single channel and the
multichannel thermal-hydraulic models of the GSTR.
There are significant differences between the coolant temperatures predicted by the
developed single and multichannel models; therefore, an experiment was needed to gather
coolant temperature data in the GSTR core, at multiple fuel ring positions and at different
vertical positions, to benchmark and reconcile the single and multichannel thermal hydraulics
models. Two experiments were conducted to provide validation data for the GSTR single and
multichannel thermal hydraulics models. The first experiment measured the coolant outlet
temperatures for each ring, while the second experiment measured coolant temperature data
in the GSTR core, at multiple flux monitor hole positions and at five vertical positions.
The coolant outlet and axial temperatures predicted by the RELAP5/MOD3.3 single
and multichannel models are significantly different than the measured coolant temperatures.
This research presents the adjustments made to the RELAP5/MOD3.3 models to better
predict the GSTR coolant outlet and axial temperatures. The adjusted RELAP5/MOD3.3
models predict coolant temperatures close to the measured temperatures with significantly
less simulation time than the three-dimensional COMSOL multichannel model (which takes
up to one week per simulation run).
In summary, the objectives of this project are to:
1) develop and compare several single channel models of the GSTR,
2) develop multichannel models of the GSTR and compare the results with the single
channel models,
3) experimentally measure the coolant temperatures in the GSTR, and
4) adjust the single and multichannel models to better represent the conditions in the
GSTR.
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Objective 1 compares single channel GSTR thermal hydraulics models developed using
RELAP5/MOD3.3, RELAP5-3D, TRACE, and COMSOL Multiphysics. The models
produced using each code include the same boundary conditions, channel dimensions, and
power profiles to correctly compare these models results.
Objective 2 considers the impact of coolant cross-flow on the fuel, clad, and coolant
temperatures in the fuel rings of the GSTR, and highlights the differences between the
single channel and multichannel thermal-hydraulic models of the GSTR. The COMSOL and
RELAP5/MOD3.3 multichannel models have the same boundary conditions, fluid properties,
channel dimensions, and power profiles.
Objective 3 includes two experiments and compares the resulting coolant temperature
data with the temperatures predicted by the single and multichannel thermal hydraulics
models. The experiments measured the coolant outlet temperatures from each fuel ring and
the coolant temperatures in the GSTR core, at five vertical positions in multiple flux monitor
hole positions.
Objective 4 adjusts the RELAP5/MOD3.3 single and multichannel models by modifying
the axial and cross-flow areas to better represent the GSTR coolant outlet and axial
temperatures.
Chapter 2 presents the background and literature review for this project. In addition,
this chapter presents an overview of the TRIGA reactors in general, and the GSTR in
particular, including drawings and specific dimensions. Chapter 2 also describes the RELAP,
TRACE, and COMSOL Multiphysics codes, and summarizes previous thermal hydraulics
modeling approaches for TRIGA reactors. Chapter 3 describes each developed single channel
thermal-hydraulic model, and also presents results from each model. Chapter 4 describes
each developed multichannel thermal-hydraulic model, considers the impact of coolant
cross-flow on the fuel, clad, and coolant temperatures in the fuel rings of the GSTR,
and highlights the differences in the results from the single channel and the multichannel
thermal-hydraulic models of the GSTR. Chapter 5 describes the two reactor experiments in
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detail and compares the resulting coolant temperature data with the temperatures predicted
by the single and multichannel thermal hydraulics models. Chapter 5 also describes the
adjustments made to the RELAP5/MOD3.3 single and multichannel models to better
represent the GSTR coolant outlet and axial temperatures. Chapter 6 presents the general
conclusions of this project. Chapter 7 presents some recommendations for future research
into TRIGA reactor thermal hydraulics modeling and TRIGA reactor experimental design.
Appendix A contains a RELAP5/MOD3.3 single channel model input file, while Appendix
B contains a TRACE single channel model input file. Appendix C, which is attached as
an electronic submission, includes a RELAP5/MOD3.3 multichannel model input file, a
two-dimensional COMSOL single channel model file, a three-dimensional COMSOL single
channel model file, and a three-dimensional COMSOL multichannel model file.
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This chapter presents the background and literature review for this project. This chapter
discusses different TRIGA reactors, including the Mark I, the Mark II, the Mark III, the
Mark F, and the Annular Core Pulsed configurations. In addition, this chapter describes the
GSTR core, support grids, graphite reflector, fuel elements, control rods, and pool cooling
with specific details, dimensions, and drawings. Finally, this chapter includes background
on all of the thermal hydraulics codes used in this project.
2.1. TRIGA Reactors
Training, Research, Isotopes, General Atomics (TRIGA) reactors are built by General
Atomics and designed for training students and personnel, nuclear research, and isotope
production (Fouquet et al., 2003). The first TRIGA patent was filled on May 9, 1958
under the name Reactor with Prompt Negative Temperature Coefficient and Fuel Element
Therefor (Fouquet et al., 2003). TRIGA reactors have different configurations and designs,
with thermal power outputs from 200 kW to 14 MW (Fouquet et al., 2003). The first three
TRIGA reactors began operation in 1958. A total of 65 TRIGA reactors have been built
in 24 countries (Fouquet et al., 2003). TRIGA reactors were designed to be inherently safe,
such that the reactor core would reach a steady state operating condition even after very fast
insertions of prompt reactivity (Simnad, 1981). This ensures that the reactor will remain in
a safe state even if all control systems fail in the case of a severe accident.
Depending on the output thermal power of the TRIGA reactor, the heat produced within
the reactor core is removed by either natural or forced convection. Natural convection cooling
is used in TRIGA reactors with output thermal powers less than 2 MW and forced convection
cooling is used in TRIGA reactors with output thermal powers more than 2 MW (Bock and
Villa, 2007b).
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In all TRIGA reactors, the pool temperature must not exceed the maximum bulk pool
temperature limit; therefore, pool cooling is required to operate the reactor for more than
500 KW for long period of time (Bock and Villa, 2007b). A secondary cooling system can
remove the heat produced within the core from the pool. Depending on the reactor facility
location, heat in the secondary cooling system can be removed using different techniques
such as cooling towers, city water supply, ground water, or facility chilled water.
In the forced convection cooling added to high thermal power output (above 2 MW)
TRIGA reactors, coolant enters the reactor tank near the top of the pool (Fouquet et al.,
2003). The coolant moves downward through the reactor core to the core lower plenum by
suction of the primary coolant pumps. An emergency core cooling system is needed such to
fill the tank with water to cool the cladding of fuel elements and remove decay heat in an
accident (Bock and Villa, 2007b). The secondary cooling system removes the heat from the
primary system to the atmosphere using a two-unit evaporative cooling tower.
2.1.1. TRIGA Reactor Fuel
The first fabricated TRIGA fuel elements were aluminum-clad. Then, the fuel elements
were improved by changing the aluminum cladding material to stainless steel and increasing
the hydrogen content in the uranium-zirconium hydride (U-ZrH) fuel from 1.0 to 1.7 to
improve the fuel metallurgical properties (Simnad, 1981). The fuel elements with a Zr:H
ratio of 1:1 (aluminum clad) undergo a phase change at 530 ◦C while the fuel elements with
a Zr:H ratio of 1:1.7 (stainless steel clad) are phase stable to >1000 ◦C (West et al., 1967).
In order to achieve an inherently safe reactor, the zirconium-hydride (ZrH) is mixed with
the uranium in the TRIGA fuel. As the fuel temperature increases, hydrogen atoms in ZrH
oscillate with a characteristic energy of 0.14 ev. As a result of the hydrogen oscillations, ZrH
is ineffective in slowing down the neutrons with energies below 0.14 ev and is effective in
de-thermalizing the thermal neutrons by increasing their energies in intervals of 0.14 ev. As
the neutrons gain more energy, these neutrons have higher probability of escaping from the
fuel before being captured, which decreases the non-leakage probability and hence decreases
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the effective neutron multiplication factor. Therefore, the reactor power is automatically
reduced in few thousands of a second. This is a fuel prompt negative temperature feedback.
As the fuel temperature increases, the fuel prompt negative temperature feedback increases.
Therefore, TRIGA reactor can be easily pulsed to over than 1000 MW because of this unique
feature of the uranium-zirconium hydride fuel (Fouquet et al., 2003).
2.1.2. Standard Designs of TRIGA Reactors
General Atomics designed and built several different TRIGA reactor configurations
including the Mark I, the Mark II, the Mark III, the Mark F, and the Annular Core Pulsed.
The following sections present a brief description of each type of TRIGA reactor.
2.1.2.1. Mark I TRIGA Reactor
The first TRIGA reactor commissioned on May 3, 1958 at General Atomics’ site was a
Mark I. General Atomics operated this reactor until 1997. The physical construction of this
reactor is simple. The core of a Mark I TRIGA reactor is located below ground. The thermal
power output of a Mark I reactor can be up to 1 MW (Bock and Villa, 2007a). The core is
located at the center bottom of an aluminum tank and is cooled by natural convection. The
water provides vertical and radial shielding in this type of reactor (Bock and Villa, 2007b).
A Mark I TRIGA reactor can be built without need for containment (Fouquet et al., 2003).
Since this reactor is simple in physical construction, it can be built in an existing building
(Fouquet et al., 2003). A Mark I TRIGA reactor may include several different irradiation
facilities, such as:
• a central thimble which is used for high-flux irradiation,
• a rotary specimen rack which is used for uniform irradiation, and
• a pneumatic transfer system.
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2.1.2.2. Mark II TRIGA Reactor
The aboveground TRIGA Mark II has the same core as a Mark I TRIGA, but the core
is surrounded by a biological shield made from concrete (Fouquet et al., 2003). The thermal
power output of this reactor varies from 2 to 3 MW. The core is cooled by natural convection
for operations up to 2 MW. Operations with a 3 MW thermal power output are possible
with forced convection cooling (Bock and Villa, 2007a). In addition to Mark I irradiation
facilities, a Mark II TRIGA has four horizontal beams ports that go through the concrete
shield to a graphite thermal column for thermal neutron irradiation.
2.1.2.3. Mark III TRIGA Reactor
A Mark III TRIGA reactor has a mobile core within the reactor pool. The steady state
thermal power output of this reactor can be up to 2 MW (Bock and Villa, 2007a). It can
operate in steady state and pulse modes. In addition to Mark II irradiation facilities, TRIGA
Mark III core can be moved to the end of the pool to do walk-in exposure experiments, or
it can be moved to the opposite end to do thermal column and beam port experiments. For
isotope production, core is moved to the reactor pool center.
2.1.2.4. Mark F TRIGA Reactor
This type of TRIGA reactor was designed and built by General Atomics in 1960. General
Atomics built and operated this reactor to study the uranium-zirconium hydride fuel behavior
during pulses with powers above 5000 MW (Fouquet et al., 2003). The steady state thermal
power output of this reactor is 1.5 MW. It can produce instantaneous pulses of intense
neutron and gamma radiation to conduct research on radiation effects. This reactor, in
addition, was designed to conduct other research where high neutron flux and high power
pulses are needed, including biomedical investigations, and neutron physics research
(Hoffmann, 1960).
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2.1.2.5. Annular Core Pulsed TRIGA Reactors
This type of TRIGA reactor is used in the testing nuclear power reactor fuels. This
reactor can routinely achieve 22000 MW pulses. Annular Core Pulsed TRIGA Reactors
were designed and built in different locations around the world. General Atomics built
these types of TRIGA reactors at Sandia National Laboratories, the Institute for Nuclear
Technologies in Romania, and the Japan Atomic Energy Research Institute (Fouquet et al.,
2003). It has a 25 cm cavity in the center to accommodate samples. Also, the reactor is
as safe as the other types of TRIGA reactors and it is cooled by simple natural convection
(Fouquet et al., 2003).
2.2. Geological Survey TRIGA Reactor (GSTR)
The Geological Survey TRIGA Reactor (GSTR) was built in 1969 and is located on
the Denver Federal Center (DFC) in Lakewood, Colorado. The GSTR is the only operating
reactor in Colorado. It is a swimming pool type reactor and uses uranium-zirconium hydride
(U-ZrH) fuel. The GSTR is a Mark I TRIGA Reactor with a maximum steady state thermal
power output of 1 MW. In addition, this reactor can operate in a pulse mode with a maximum
allowable pulse insertion of $3 (Day, 2004). Similar to all Mark I TRIGA reactors, the core
resides in the bottom of the pool tank and the water around and above the core provides
radiation shielding. Figure 2.1a shows a cross section view of the GSTR, while Figure 2.1b
shows a top view of the GSTR. Like all TRIGA reactors, this reactor is inherently safe. It
has many safety features such as: alarms, radiation monitoring, and air monitoring. The air
monitoring system makes sure that no radiation going out of the reactor bay in the case of a
radiation release by switching the ventilation system to emergency mode and actuating the
building evacuation alarm. The reactor automatically shuts down in a fraction of a second
when any operational limit is exceeded. The GSTR supports the USGS’s science mission
and performs many services such as (DeBey et al., 2012):
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Figure 2.1. Rendered views of the Geological Survey TRIGA Reactor.
• neutron activation analysis,
• delayed neutrons counting for uranium and thorium assay,
• radioisotope production,
• fission track experiments,
• neutron radiography, and
• neutron irradiation for argon dating.
2.2.1. GSTR Core
The GSTR core is cylindrical and resides at the bottom of a 7.55 m high and 2.34 m inner
diameter tank. It is located 0.61 m above the base of the tank. The height from the core
top grid to the tank top water surface is ∼6 m. Water level varies by more than 1 mm on a
daily basis. The GSTR core contains 122 fuel elements and 4 control rods. The core layout
is annular and consists of seven concentric rings designated A through G (Figure 2.2). The
A1 location contains the central thimble used for high flux irradiation. Table 2.1 provides
the number of fuel elements per ring, the average angle between elements, and the average
distance from core center for each fuel ring.
2.2.2. Core Support Grids
The top and bottom grid plates are fabricated from aluminum alloy 6061-T6 and hold
the fuel elements in position. The diameters of the GSTR top and bottom grids are 53.5
Table 2.1. GSTR core ring fuel elements number, spacing, and distance from center.
Ring Positions Average angle between elements Average radius (cm)
A 1 0 ◦ 0
B 6 60 ◦ 4.0
C 12 30 ◦ 8.0
D 18 20 ◦ 11.9
E 24 15 ◦ 15.9
F 30 12 ◦ 19.9
G 36 10 ◦ 23.9
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Figure 2.2. GSTR core element positions.
cm and 49.7 cm, respectively. Figures 2.3 and 2.4 show schematics of the top and bottom
grid plates, respectively. Both grid plates are 1.9 cm thick. Most of the 126 fuel or control
rod holes are 3.8 cm in outer diameter. There are triangular cutouts in the D8,E10,E11 and
D17,E22,E23 locations. These triangular cutouts enable removing the fuel elements at these
locations to insert approximately triangular vertical irradiation tubes. Each location in the
top grid plate corresponds to the same location in the lower grid plate to arrange the fuel
elements exactly in their locations and to maintain the elements in a vertical orientation.
2.2.3. Graphite Reflector
A graphite reflector surrounds the GSTR core, encapsulated in an aluminum casing (see
Figure 2.5). The thickness of the inner aluminum casing between the core and the reflector
is 0.64 cm and the thickness of the outer aluminum casing between the graphite and the
reactor pool is 1.02 cm (Table 2.2). As shown in Figure 2.5, the GSTR rotary specimen rack
14
Figure 2.3. GSTR top grid plate.
Figure 2.4. GSTR bottom grid plate.
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Figure 2.5. Side view of the GSTR core and graphite reflector.
Table 2.2. Dimensions of the GSTR graphite reflector




Aluminum cladding inner thickness 0.64
Aluminum cladding outer thickness 1.02
is located at the top of the GSTR graphite reflector. The rotary specimen rack holds up to
40 specimen containers, and rotates to provide uniform neutron exposure to specimens in
the rack.
2.2.4. Fuel Elements
The fuel of the GSTR is uranium-zirconium hydride fuel (U-ZrH) enriched to less than
20 wt% uranium-235. The fuel cladding material is either stainless steel or aluminum. The
GSTR contains three types of fuel elements: stainless steel-clad 8.5 wt% uranium fuel,
stainless steel-clad 12 wt% uranium fuel, and aluminum-clad 8 wt% uranium fuel (Shugart
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and King, 2014). Table 2.3 presents the basic properties of the GSTR fuel elements.
The aluminum-clad fuel elements (Figure 2.6a) are 72 cm in total length including the
top and bottom fittings with an outer diameter of 3.8 cm (Shugart and King, 2014). The
fuel is located between two 10 cm graphite plugs and has a length of 35.6 cm. Samarium
trioxide is added as a burnable neutron absorber between the graphite and fuel.
The stainless steel-clad fuel elements (Figure 2.6b) are 72 cm in total length including
the top and bottom fittings with an outer diameter of 3.7 cm (Shugart and King, 2014). The
fuel in the stainless steel-clad fuel elements is located between two graphite plugs and is 38.1
cm in length. A zirconium rod, used in the manufacturing process, is located in the middle
of the fuel meat of the stainless steel-clad fuel elements. The graphite plugs have a length
Figure 2.6. TRIGA fuel elements used in the GSTR.
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Table 2.3. GSTR fuel types and properties.
Stainless steel-clad Aluminum-clad
Fuel element property 8.5 wt% U 12 wt% U 8.0 wt% U
Overall length (cm) 72.06 72.06 72.06
Diameter (cm) 3.734 3.734 3.759
Fuel length (cm) 38.1 38.1 35.56
U nominal grams 39 55 36
Enrichment (wt%) <20 <20 <20
Uranium fraction (wt%) 8.5 12 8
Cladding material stainless steel stainless steel aluminum
H/Zr atom ratio 1.7:1 1.7:1 1:1
Recommended operating temp ( ◦C) 800 800 530
of 8.8 cm and are located above and below the fuel to reduce neutron leakage from the fuel.
Samarium trioxide is added as a burnable neutron absorber between the graphite and fuel.
2.2.5. Control Rods
The GSTR core contains both fuel-followed and void-followed control rods (Shugart and
King, 2014), as shown in Figure 2.7. Table 2.4 details the properties of the different GSTR
control rods. Figure 2.2 indicates the positions of the GSTR control rods. The shim 1, shim
2, and regulating rods are fuel-followed and have stainless steel-clad fuel elements below
the absorber. The fuel elements present within the core when the fuel-followed control rods
are fully withdrawn reduce the impact of removing the control rod on the core flux. The
transient rod is void-followed. The shim 1 and shim 2 control rods are driven by synchronous
AC motors with 48 cm/min movement rates while the regulating rod is driven by a stepper
motor with a 69 cm/min movement rate (U.S. Geological Survey, 2009). A pneumatic system
quickly withdraws the transient rod from the core to initiate a reactor pulse with a transient
time of approximately 200 ms (U.S. Geological Survey, 2009).
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Figure 2.7. GSTR control rods.
Table 2.4. GSTR control rod properties.
Control rod property Fuel-followed Void-followed
Cladding material (cm) stainless steel aluminum
Number of control rods 3 1
Diameter (cm) 3.49 3.15
Length (cm) 109.22 93.98
Graphite length (cm) 16.51 16.51
Absorber (B4C) length (cm) 38.1 38.1
Fuel length (cm) 38.1 No Fuel
Void length (cm) No Void 38.1
2.2.6. Core Cooling
The GSTR, with a steady state power of 1 MW, can be safely cooled by natural convection.
The pool temperature must not exceed the maximum bulk temperature limit of 60 ◦C (U.S.
Geological Survey, 2009); therefore, pool cooling is required to operate the reactor at more
than 100 kW for long periods of time. In the GSTR, water flows to a secondary cooling
system to remove the heat from the primary cooling system through a heat exchanger. The
water in the secondary cooling system is cooled by a forced draft cooling tower with vertical
air discharge. The sprayers in the cooling tower spray water to increase the heat transfer
rate and fans are used to cool the water.
2.3. Code Selection
The operating license for the GSTR expired in 2009 and the GSTR relicensing application
was submitted to the Nuclear Regulatory Commission (NRC) in the same year. In support of
the application, the Colorado School of Mines performed thermal hydraulics and neutronics
analyses using the RELAP5/MOD3.3, PARET, and MCNP5 codes (Shugart and King,
2014). The NRC uses TRACE, an advanced thermal hydraulics code for Pressurized- and
Boiling-Water Reactors (TRACE V5.0 Team, 2007a), to validate the thermal hydraulics
results predicted by the licensee. This project considers RELAP and TRACE, because the
NRC uses these codes to validate the thermal hydraulics results in the GSTR submitted
relicensing application. Furthermore, this research uses COMSOL Multiphysics, because of
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its capability in modeling thermal hydraulics in one-, two-, and three-dimensional space.
This section summarizes the RELAP, TRACE, and COMSOL Multiphysics codes.
2.3.1. Reactor Excursion and Leak Analysis Program (RELAP)
Most TRIGA reactor thermal hydraulics models are based on the Reactor Excursion and
Leak Analysis Program (RELAP). This code is developed by the Idaho National Laboratory
(INL) for the U.S. Nuclear Regulatory Commission (NRC) to support rulemaking, licensing
audit calculations, evaluation of operator guidelines, and experiment planning analysis.
RELAP5/MOD3.3 is the most commonly used version of RELAP5. RELAP5/MOD3.3
has the capability to estimate the transient behavior of light water reactor coolant systems
during normal operation or severe accidents. The code couples the reactor coolant systems
with the reactor core to estimate the coolant system transient behavior during severe accidents
such as loss of coolant, loss of feedwater, loss of flow, and loss of offsite power (Information
Systems Laboratories, Inc., 2001a). RELAP5/MOD3.3 has the capability to simulate
hydraulic and thermal transients problems for one and two phase fluid flow for both nuclear
systems and nonnuclear systems.
For a two-phase system, RELAP5/MOD3.3 incorporates a partially implicit numerical
scheme and first-order effects to reduce the time required to solve the nonhomogeneous and
nonequilibrium model and to accurately predict the system transients (Information Systems
Laboratories, Inc., 2001a). The code contains many generic component models including
pumps, valves, pipes, heat releasing or absorbing structures, reactor point kinetics, electric
heaters, jet pumps, turbines, separators, and accumulators.
The RELAP5/MOD3.3 hydrodynamic model is capable of simulating one-dimensional,
transient, two-fluid sub-systems. In addition, the hydrodynamic model can simulate
hydrodynamics for simple one phase fluid flow including homogeneous flow, thermal
equilibrium, and frictionless flow models. The basis for the hydrodynamic model is the
two-fluid equations of motion, expressed in terms of volume and time-averaged flow
parameters (Information Systems Laboratories, Inc., 2001b). Friction and heat transfer
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that depend on transverse gradients are expressed in terms of the bulk fluid properties
using empirical transfer coefficient formulations. In subcooled boiling situations, additional
models, developed specifically for these situations, are employed as the transverse gradients
cannot be represented within the framework of empirical transfer coefficients.
RELAP5/MOD3.3 numerically solves the equations for the different systems using a
semi-implicit finite-difference technique. Also, the user has the option to solve the problem
using a nearly-implicit finite-difference technique that is suitable for steady-state calculations
and for slowly varying, quasi-steady transient calculations (Information Systems Laboratories,
Inc., 2001b).
Heat structures within RELAP5 can be used to predict the heat transfer from a solid
to the hydrodynamic channels (volumes) (Information Systems Laboratories, Inc., 2001b).
Heat structures can be modeled as fuel pins, fuel plates, steam generator tubes, or vessel
walls and are represented as one-dimensional heat conduction in rectangular, cylindrical,
or spherical geometry (Information Systems Laboratories, Inc., 2001b). The heat generated
within RELAP heat structures can be specified as electrical or nuclear heating. Temperature
dependent material properties such as heat capacity, thermal conductivity, and density can
be specified for the heat structure material in tabular or functional form.
Heat structures can be meshed with different mesh spacings and mesh materials. Because
of the ability to vary the mesh spacing, the internal heat source spatial dependence can
vary across the mesh intervals. The specified mesh heat source can be obtained from
reactor kinetics, power versus time tables, or control system variables (Information Systems
Laboratories, Inc., 2001a). Different conditions can be applied at the boundaries of the heat
structure including symmetry or insulating conditions, surface temperature versus time, heat
transfer versus time, heat transfer coefficient versus time or surface temperature. RELAP5
uses the heat transfer correlation package for systems where the heat structures are connected
to hydrodynamic volumes. In addition, the heat transfer correlation package is used in
systems with nucleate boiling, transition boiling, and film boiling (Information Systems
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Laboratories, Inc., 2001b).
RELAP5-3D is the latest version of the RELAP5 series and is a continuation of the
previous one-dimensional RELAP5/MOD3.3 code developed by INL for the NRC (Schultz,
2012). The US Department of Energy (DOE) sponsored additional development to
RELAP5/MOD3.3 to meet its reactor safety requirements after Chernobyl disaster; therefore,
the RELAP5 development effort split into two versions, a NRC version (RELAP5/MOD3.3)
and a DOE version (RELAP5-3D). Water libraries in RELAP5-3D were updated by adding
heavy water properties to the RELAP5/MOD3.3 water libraries (Schultz, 2012). RELAP5-3D
removes the multi-dimensional fluid flow modeling restrictions in RELAP5/MOD3 by adding
multi-dimensional hydrodynamic and multi-dimensional kinetics models. Multi-dimensional
neutron kinetics in RELAP5-3D are based on the NESTLE code (Schultz, 2012).
RELAP5-3D can study the effects of transients and accidents in water-cooled and fast
reactors. RELAP5-3D can model not only the reactor vessel but also many other reactor
systems. Any components can be divided into many one-, two-, or three-dimensional volumes.
These volumes are connected by internal junctions and can be modeled using cartesian (x,y,z)
or cylindrical (r,θ,z) coordinates (Schultz, 2012).
2.3.2. TRAC/RELAP Advanced Computational Engine (TRACE)
TRAC/RELAP Advanced Computational Engine (TRACE) was developed by the NRC
as a replacement for RELAP5/MOD3.3. TRACE can model reactor thermal hydraulics
phenomena at normal or abnormal operating conditions. The code has the capability to
evaluate large and small loss-of-coolant accidents and severe accidents scenarios in Pressurized
and Boiling Water Reactors in one- and three-dimensional spaces. TRACE can model steady
state and transient multidimensional two-phase flow, nonequilibrium thermo-dynamics,
generalized heat transfer, reflood, level tracking, and reactor kinetics (TRACE V5.0 Team,
2007a).
TRACE uses finite volume numerical methods to solve the partial differential equations
that define two-phase flow and heat transfer. It uses multi-step time-differencing and
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semi-implicit time-differencing techniques to evaluate fluid-dynamics and heat-transfer
equations for one- and three-dimensional components. The hydrodynamic model uses the
Newton-Raphson iteration method to solve a system of coupled, nonlinear equations (TRACE
V5.0 Team, 2007a). Then, direct matrix inversion is used to solve the resulting linearized
equations.
TRACE models the reactor system as a connected set of components. Components within
a TRACE model represent the physical pieces (equipment) in a reactor flow loop. Each flow
loop component can be divided into number of connected physical volumes (nodes), and
different fluid parameters are averaged over these volumes. TRACE has no built-in limit
for the number of modeled components and volumes. The hydrodynamic model has many
built-in components such as pipes, plenums, pressurizers, channels, valves, vessels, pumps,
jet pumps, separators, turbines, heaters, containment, and vessels (TRACE V5.0 Team,
2007b).
Heat structure components model the reactor system fuel elements and heated walls.
These structures can be connected to a hydraulics component and modeled in cartesian or
cylindrical geometries. TRACE computes conduction and convection heat transfer for the
heat structures. In addition, power components can be used to deliver power directly to the
fluid via heat structures or hydraulic component walls. Radiation components model the heat
transfer between arbitrary surfaces (TRACE V5.0 Team, 2007b). Fill and break components
are used to model coolant mass or velocity flow and pressure boundary conditions for steady
state and transient problems.
The TRACE execution time depends on the number of mesh cells, the timestep size, and
the rate of change in the neutronic and thermal-hydraulic steady state or transient model.
The Stability-Enhancing Two-Step (SETS) numerics of the hydraulic components allow the
material Courant limit to be exceeded, which in turn increases the slow transient simulation
time step. Therefore, the time required to finish slow developing transient simulations can
be reduced by one or two orders of magnitude (TRACE V5.0 Team, 2007a).
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2.3.3. COMSOL Multiphysics
COMSOL Multiphysics developed by the COMSOL Group (COMSOL Multiphysics Team,
2012) has the capability to couple the heat transfer in solids with fluid flow and heat
transfer using built-in non-isothermal physics. Different types of parameters and variables
can be added to the model, including numbers, parameters, built-in constants, functions with
dependent variables, and binary operators. This study uses two modules within COMSOL,
Computational Fluid Dynamics (CFD) and heat transfer (COMSOL Multiphysics Team,
2012).
The CFD module in COMSOL solves for fluid flow in closed or open systems to evaluate
flow patterns, pressure losses, and temperature profiles for steady state and time-dependent
problems. It has been used to solve for single-phase laminar and turbulent flow, and
multiphase flow for two- and three-dimensional problems (Kim et al., 2001). The CFD
module solves the partial differential equations for momentum, mass and energy with
corresponding initial and boundary conditions.
COMSOL uses the Finite Elements Method (FEM) (COMSOL Multiphysics Team, 2012)
to solve fluid flow, heat transfer, and mass transfer equations by approximating the solution
for differential equations with defined boundary conditions, while other CFD codes such as
Ansys Fluent use the Finite Volume Method (FVM) (Molina-Aiz et al., 2010). COMSOL
and other CFD codes use the Navier-Stokes equations to predict the fluid flow patterns;
but, FEM and FVM codes use different techniques to approximate these equations. In
FEM codes, the real domain is divided into small subdomains, called finite elements (Dhatt
et al., 2012). The solutions of the partial-differential equations is predicted for each finite
element. The solution for all of the finite elements are added to predict the behavior of the
whole model (Zienkiewicz et al., 2013). FEM has an advantage in accurately representing
complex models. The finite volume method (FVM) solves the partial differential equations
over small finite volumes surrounding each node point on a mesh. The FVM is used in
many CFD codes because of its faster solution time (Kim et al., 2001). FEM is preferred
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for multiphysics problems as FEM has better solving capabilities for solid mechanics, heat
transfer, mass transfer, and electromagnetics; therefore, FEM is better at solving coupled
fluid/solid models, as the interface between the fluids and solids in the model has the same
node-based finite element degrees of freedom (COMSOL Multiphysics Team, 2012).
The built-in non-isothermal physics in COMSOL couple the heat transfer in solids with
fluid flow and heat transfer. The equations of fluid flow and heat transfer are automatically
added by COMSOL to the model. The equations of fluid flow and heat transfer are coupled
with non-isothermal physics if heat flux or volume heat sources are added to the fluid flow
model (COMSOL Multiphysics Team, 2012).
COMSOL solves for fluid flow using the Navier Stokes and continuity equations shown
in Equations 3.14 and 4.12, respectively (COMSOL Multiphysics Team, 2012). The Navier
Stokes equation has a buoyancy term on the right hand side to account for the lifting force due
to the change in density as a result of thermal expansion. COMSOL, in addition, solves the
heat equations for fluid and highly conductive layers (see Equations 2.3 and 2.4) (COMSOL
Multiphysics Team, 2012). The built-in non-isothermal physics couples the heat transfer
in solids with fluid heat transfer and flow. The equations of fluid flow and heat transfer
is automatically added by COMSOL to the model. The equations of fluid flow and heat
transfer is coupled within non-isothermal physics if heat flux or volume heat source is added
to the fluid flow model.
ρ(ν · ∇)ν = −∇p+∇ · µ(∇ν + (∇ν)T )− 2
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2.4. Previous Thermal Hydraulics Models
A diverse selection of thermal hydraulics models have been developed to estimate fuel,
clad, and coolant temperatures in TRIGA reactors during steady state and transient
operations. TRIGA reactor thermal hydraulic models, in addition, have been developed
using one- or three-dimensional methods.
Most previous three-dimensional thermal hydraulics models show the fluid flow and fuel
heat transfer within one or a few channels. To date, no detailed three-dimensional thermal
hydraulic model has been successfully developed to more accurately predict the complex
flow patterns exist within the core. Most of the previous models were simulated using
one-dimensional thermal hydraulics models for the core’s hottest rod which does not account
for the flow between the fuel elements, different core regions, and the complex inlets at the
bottom grid (Bousbia-Salah et al., 2006; Marcum et al., 2010; Marcum et al., 2012; Rahman
et al., 2012; Stauder, 1969).
Previous thermal hydraulics analyses of TRIGA reactors have used multichannel models
to consider the flow paths of the water within the reactor core (Bousbia-Salah et al., 2006;
Marcum et al., 2010; Feltus et al., 1996; Marcum et al., 2012; Rahman et al., 2012; Miller,
1998). Reis et al., (2012) implemented a cross-flow model within RELAP5 to simulate
water flow between adjacent axial channels in a TRIGA reactor core for 13 and 91 thermal
hydraulics channels. In the 13 thermal hydraulics channels model, all the core 63 fuel
elements were modeled separately and attached to 13 hydrodynamic channels, while 63 fuel
elements, control rods and graphite reflector elements were modeled separately and attached
to 91 hydrodynamic channels in the 91 thermal hydraulics channels model. The cross-flow
model simulated water flow between adjacent thermal hydraulics channels at different axial
levels using single junction components (Reis et al., 2012). In this model, the thermal
hydraulics channels in the A-, B-, and C-rings, which are the hottest regions in the reactor,
were connected at seven locations while other thermal hydraulics channels were connected
at three axial locations (Reis et al., 2012). The thermal hydraulics channels in the center of
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the core were connected in more locations to account for the higher heat flux in this region
(Reis et al., 2012). Some of these thermal hydraulics channels did not have a heat structure
associated to them, such as A-ring position where the central thimble position is located
(Reis et al., 2012). The coolant temperatures predicted by the model without cross-flow
for a channel with heat structures were greater than the coolant temperatures predicted by
the model with cross-flow, while the coolant temperatures predicted by the model without
cross-flow for a channel without heat structures were smaller than those predicted by the
model with cross-flow because the channels in the models without cross-flow did not receive
heat from adjacent channels (Reis et al., 2012).
The predicted temperatures were compared to the collected reactor pool bulk temperature.
The pool temperature was assumed to be constant throughout the tank and the loses from
the pool were ignored (Reis et al., 2012). The 91 thermal hydraulic channel model had a
better agreement with the experimental data than the 13 thermal hydraulics channel model.
The differences between the models was on the order of 2 ◦C. For transient simulations, the
predicted mass flow rate oscillated due to the different directions in the cross-flow between
the adjacent connected thermal hydraulics at different axial levels (Reis et al., 2012). Due
to the mass flow oscillation with time, all temperatures were observed to oscillate. It was
observed that the actual coolant flow was different from the predicted coolant as a result of
coolant inflow from the core sides (Reis et al., 2012).
The Oregon State University (OSU) group used RELAP5-3D to predict temperatures
from one-, two-, and eight-channel models as part of a safety analysis to convert the High
Enriched Uranium (HEU) fuel elements to Low Enriched Uranium (LEU) (Marcum, 2008).
The one-channel model developed for the reactor hot channel consisted of a coolant source,
a coolant sink, and a hot channel. The two-channel model was developed for a hot channel
and the core remaining fuel elements, which are attached to the second channel (Marcum
et al., 2009). The eight-channel model was developed for the A-ring, B-ring hot channel,
B-ring remaining fuel, and the C-, D-, E-, F-, and G-rings. There are no heat structures
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in the A- and G-rings. The two-channel model incorporates the cross-flow at every axial
mesh cell, while the eight-channel model incorporates cross-flow between the A-ring, the
B-ring hot channel, and the remaining B-ring fuel elements. The models demonstrated
that as the number of channels increases, the change in axial temperature across the core
decreases. The changes in axial temperature across the core predicted by the one-, two-,
and eights-channel models were 41.8 ◦C, 40.0 ◦C, and 34.3 ◦C, respectively. The two- and
eight-channel models predicted higher mass flow rates. The two-channel model had a 7.52%
increase in the mass flow rate, while the eight-channel model had a 36.67% increase in the
mass flow rate compared to one-channel model (Marcum et al., 2010).
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3.1. Abstract
The Geological Survey TRIGA Reactor (GSTR) is a 1 MW Mark I TRIGA Reactor
located at the Denver Federal Center (DFC) in Lakewood, Colorado. Single channel models
developed using a range of U.S. Nuclear Regulatory Commission, Department of Energy,
and commercial codes (including RELAP5/MOD3.3, RELAP5-3D, TRACE, and COMSOL
Multiphysics) predict the GSTR fuel, clad, and coolant temperatures. This paper compares
the results of these models to understand the codes’ differences and limitations. All of
the models except the three-dimensional COMSOL model and the two-dimensional TRACE
model give approximately similar solutions. The three-dimensional COMSOL model’s
differences result from the effective material domain that substitutes for the gap and clad
domains to reduce the required number of mesh cells. The TRACE model’s differences likely
result from inappropriate convection correlations within the TRACE code. The TRACE
simulations show void formation within the GSTR coolant channels at fuel element powers
less than 8 kW, while the RELAP5/MOD3.3 and RELAP5-3D simulations show that there
is no void formation below 18.9 kW. Based on the saturation temperature of the water in
the GSTR core, the COMSOL models do not predict void formation below 17.9 kW.
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,




Ac clad material cross-sectional area (cm
2)
Acell single channel average total cross-sectional area (cm
2)
Acoolant single channel coolant flow cross-sectional area (cm
2)
Aeff composite material cross-sectional area (cm
2)
Afuel total fuel cross-sectional area (cm
2)
Ag gap cross-sectional area (cm
2)
Atotal ring average total cross-sectional area (cm
2)
C composite material total heat capacity (J/kg-K)
Cal aluminum material heat capacity (J/kg-K)
Cc clad material heat capacity (J/kg-K)
Ceff effective material heat capacity (J/kg-K)
Cg gap heat capacity (J/kg-K)
Cs stainless steel heat capacity (J/kg-K)
kal aluminum thermal conductivity (W/m-K)
kc clad material thermal conductivity (W/m-K)
keff effective material thermal conductivity (W/m-K)
kg gap thermal conductivity (W/m-K)
ks stainless steel thermal conductivity (W/m-K)
L composite material thickness (m)
M composite material total mass (kg)
N ring number of fuel elements
P fuel element pitch (cm)
q̇ heat transfer through composite material (W)
Rfuel fuel element outer radius area (cm)
Ri ring inner radius (cm)
Ro ring outer radius (cm)
T fuel temperature ( ◦C)
tc clad material thickness (m)
tg gap thickness (m)
Greek
∆T temperature change ( ◦C)
∆Tclad clad temperature change (
◦C)
∆Tcoolant coolant temperature change (
◦C)
∆Tfuel fuel temperature change (
◦C)
∆Tgap gap temperature change (K)
ρal aluminum density (kg/m
3)
ρc clad material density (kg/m
3)
ρeff effective material density (kg/m
3)
ρg gap density (kg/m
3)
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ρs stainless steel density (kg/m
3)
3.2. Introduction
The Geological Survey TRIGA Reactor (GSTR) is a Mark I TRIGA reactor with a
maximum steady state thermal power output of 1 MW. The GSTR can also operate in a pulse
mode with a maximum allowable pulse reactivity insertion of $3 (Day, 2004). The reactor was
built in 1969 and is located at the Denver Federal Center (DFC) in Lakewood, Colorado.
The GSTR is a swimming pool-type reactor fueled with uranium-zirconium hydride fuel.
The facility provides many services, including neutron activation analysis, delayed neutron
analysis for uranium and thorium assay, radioisotope production, fission track experiments,
neutron radiography, and neutron irradiation for argon dating (DeBey et al., 2012).
The operating license for the GSTR expired in 2009 and the GSTR relicensing application
was submitted to the Nuclear Regulatory Commission (NRC) in the same year. In support of
the application, the Colorado School of Mines performed thermal hydraulics and neutronics
analyses using the RELAP5/MOD3.3, PARET, and MCNP5 codes (Shugart and King,
2014). The MCNP5 model predicts the neutronics data (multiplication factors and fuel
element power profiles) for the GSTR during normal operation (915 kW reactor power).
Based on the fuel element power profiles predicted by MCNP5, the RELAP5/MOD3.3 and
PARET models predict fuel, inner clad, outer clad, and coolant temperatures for the hot
fuel element (22.2 kWth) coolant channel. The RELAP5/MOD3.3 relicensing model predicts
void formation in the coolant channels when the fuel element power exceeds 15 kW (Shugart,
2013).
The NRC uses TRACE, an advanced thermal hydraulics code for Pressurized- and
Boiling-Water Reactors (PWRs and BWRs) (TRACE V5.0 Team, 2007a), to validate the
thermal hydraulics results predicted by the licensee. The TRACE simulations performed
by a NRC contractor predicted void formation within the GSTR coolant channels at fuel
element powers significantly less than 15 kW. The NRC contractor’s TRACE model of the
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GSTR also predicted that there would be slug flow in the coolant channels at operating
powers as low as 520 kW.
This paper compares single channel GSTR thermal hydraulics models developed using a
range of NRC, Department of Energy, and commercial codes, including RELAP5/MOD3.3
(Information Systems Laboratories, Inc., 2001a), RELAP5-3D (Schultz, 2012), TRACE
(TRACE V5.0 Team, 2007a), and COMSOL Multiphysics (COMSOL Multiphysics Team,
2012). The models produced using each code include the same boundary conditions, channel
dimensions, and power profiles and predict the maximum fuel, inner clad, outer clad, and
coolant outlet temperatures as a function of fuel element power. This paper describes each
developed model, and also presents results from each model. Finally, all of the models’
results are compared and the maximum fuel, maximum inner clad, maximum outer clad,
and average outlet temperatures are predicted in each GSTR fuel ring as a function of
reactor power.
3.3. Background
This section describes the GSTR core, support grids, graphite reflector, fuel elements,
control rods, and pool cooling. In addition, this section describes the RELAP5/MOD3.3,
TRACE, and COMSOL Multiphysics codes.
3.3.1. Geological Survey TRIGA Reactor
The Geological Survey TRIGA Reactor (GSTR) (Figure 3.1) was built in 1969 and
is located at the Denver Federal Center (DFC) in Lakewood, Colorado. The GSTR is
the only operating reactor in Colorado. It is a swimming pool-type reactor and uses
uranium-zirconium hydride (UZrH) fuel. The GSTR is a Mark I TRIGA Reactor with a
maximum steady state thermal power output of 1 MW. In addition, the reactor can operate
in pulse mode with a maximum allowable pulse insertion of $3 (Day, 2004). The GSTR
supports the US Geological Survey’s science mission and performs many services for the
USGS and others, including (DeBey et al., 2012):
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Figure 3.1. Rendered views of the Geological Survey TRIGA Reactor.
• neutron activation analysis,
• delayed neutrons counting for uranium and thorium assay,
• radioisotope production,
• fission track experiments,
• neutron radiography, and
• neutron irradiation for argon dating.
Similar to all Mark I TRIGA reactors, the GSTR core is cylindrical and resides at the
bottom of a 7.55 m high and 2.34 m inner diameter tank. The water around and above the
core provides radiation shielding. The core layout is annular and consists of seven concentric
rings designated A through G (Figure 3.2). The core is located 0.61 m above the base of the
tank. The height from the core top grid to the tank top water surface is ∼6 m.
Figure 3.2. GSTR core element positions.
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The core top and bottom grid plates (53.5 cm and 49.7 cm in diameter, respectively) are
fabricated from aluminum alloy 6061-T6 and hold the fuel elements in position. Figures 3.3
and 3.4 show schematics of the top and bottom grid plates, respectively. Both grid plates are
1.9 cm thick. Most of the 126 fuel or control rod holes are 3.8 cm in outer diameter. There are
triangular cutouts in the D8,E10,E11 and D17,E22,E23 locations. These triangular cutouts
enable removing the fuel elements at these locations to insert approximately triangular
vertical irradiation tubes. Each location in the top grid plate corresponds to the same
location in the lower grid plate to arrange the fuel elements exactly in their locations and to
maintain the elements in a vertical orientation.
The GSTR core contains 122 fuel elements and four control rods. The fuel of the GSTR is
uranium-zirconium hydride fuel (U-ZrH) enriched to less than 20 wt% uranium-235. The fuel
cladding material is either stainless steel or aluminum. The GSTR contains three types of
fuel elements: stainless steel-clad 8.5 wt% uranium fuel, stainless steel-clad 12 wt% uranium
Figure 3.3. GSTR top grid plate.
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Figure 3.4. GSTR bottom grid plate.
fuel, and aluminum-clad 8 wt% uranium fuel.
The aluminum-clad fuel elements (Figure 3.5a) are 72 cm in total length including the
top and bottom fittings with an outer diameter of 3.8 cm (Shugart and King, 2014). The
fuel is located between two 10 cm graphite plugs and has a length of 35.6 cm. Samarium
trioxide is added as a burnable neutron absorber between the graphite and fuel.
The stainless steel-clad fuel elements (Figure 3.5b) are 72 cm in total length including
the top and bottom fittings with an outer diameter of 3.7 cm (Shugart and King, 2014). The
fuel in the stainless steel-clad fuel elements is located between two graphite plugs and is 38.1
cm in length. A zirconium rod, used in the manufacturing process, is located in the middle
of the fuel meat of the stainless steel-clad fuel elements. The graphite plugs have a length
of 8.8 cm and are located above and below the fuel to reduce neutron leakage from the fuel.
Samarium trioxide is added as a burnable neutron absorber between the graphite and fuel.
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Figure 3.5. TRIGA fuel elements used in the GSTR.
The GSTR core contains both fuel-followed and void-followed control rods (Shugart and
King, 2014). The shim 1, shim 2, and regulating rods are fuel-followed and have stainless
steel-clad fuel elements below the absorber. The fuel elements present within the core when
the fuel-followed control rods are fully withdrawn reduce the impact of removing the control
rod on the core flux. The transient rod is void-followed. The shim 1 and shim 2 control rods
are driven by synchronous AC motors with 48 cm/min movement rates while the regulating
rod is driven by a stepper motor with a 69 cm/min movement rate (U.S. Geological Survey,
2009). A pneumatic system quickly withdraws the transient rod from the core with a
transient time of approximately 200 ms to initiate a reactor pulse (U.S. Geological Survey,
2009).
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A graphite reflector surrounds the GSTR core, encapsulated in an aluminum casing
(see Figure 3.6). The thickness of the inner aluminum casing between the core and the
reflector is 0.64 cm and the thickness of the outer aluminum casing between the graphite
and the reactor pool is 1.02 cm. As shown in Figure 3.6, the GSTR rotary specimen rack is
located at the top of the GSTR graphite reflector. The rotary specimen rack holds up to 40
specimen containers, and rotates to provide uniform neutron exposure to specimens in the
rack.
The GSTR, with a steady state power of 1 MW, can be safely cooled by natural convection.
The pool temperature must not exceed the maximum bulk temperature limit of 60 ◦C (U.S.
Geological Survey, 2009); therefore, pool cooling is required to operate the reactor at more
than 100 kW for long periods of time. In the GSTR, water flows to a secondary cooling
system to remove the heat from the primary cooling system through a heat exchanger. The
water in the secondary cooling system is cooled by a forced draft cooling tower with vertical
air discharge. The sprayers in the cooling tower spray water to increase the heat transfer
Figure 3.6. Side view of the GSTR core and graphite reflector.
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rate and fans are used to cool the water.
3.3.2. Reactor Excursion and Leak Analysis Program (RELAP)
Most TRIGA reactor thermal hydraulics models are based on the Reactor Excursion and
Leak Analysis Program (RELAP). This code is developed by the Idaho National Laboratory
(INL) for the U.S. Nuclear Regulatory Commission (NRC) to support rulemaking, licensing
audit calculations, evaluation of operator guidelines, and experiment planning analysis.
RELAP5/MOD3.3 is the most commonly used version of RELAP5. RELAP5/MOD3.3
has the capability to estimate the transient behavior of light water reactor coolant systems
during normal operation or severe accidents. The code couples the reactor coolant systems
with the reactor core to estimate the coolant system transient behavior during severe accidents
such as loss of coolant, loss of feedwater, loss of flow, and loss of offsite power (Information
Systems Laboratories, Inc., 2001a). RELAP5/MOD3.3 has the capability to simulate
hydraulic and thermal transients problems for one and two phase fluid flow for both nuclear
systems and nonnuclear systems.
For a two-phase system, RELAP5/MOD3.3 incorporates a partially implicit numerical
scheme and first-order effects to reduce the time required to solve the nonhomogeneous and
nonequilibrium model and to accurately predict the system transients (Information Systems
Laboratories, Inc., 2001a). The code contains many generic component models including
pumps, valves, pipes, heat releasing or absorbing structures, reactor point kinetics, electric
heaters, jet pumps, turbines, separators, and accumulators.
The RELAP5/MOD3.3 hydrodynamic model is capable of simulating one-dimensional,
transient, two-fluid sub-systems. In addition, the hydrodynamic model can simulate
hydrodynamics for simple one phase fluid flow including homogeneous flow, thermal
equilibrium, and frictionless flow models. The basis for the hydrodynamic model is the
two-fluid equations of motion, expressed in terms of volume and time-averaged flow
parameters (Information Systems Laboratories, Inc., 2001b). Friction and heat transfer
that depend on transverse gradients are expressed in terms of the bulk fluid properties
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using empirical transfer coefficient formulations. In subcooled boiling situations, additional
models, developed specifically for these situations, are employed as the transverse gradients
cannot be represented within the framework of empirical transfer coefficients.
RELAP5/MOD3.3 numerically solves the equations for the different systems using a
semi-implicit finite-difference technique. Also, the user has the option to solve the problem
using a nearly-implicit finite-difference technique that is suitable for steady-state calculations
and for slowly varying, quasi-steady transient calculations (Information Systems Laboratories,
Inc., 2001b).
Heat structures within RELAP5 can be used to predict the heat transfer from a solid
to the hydrodynamic channels (volumes) (Information Systems Laboratories, Inc., 2001b).
Heat structures can be modeled as fuel pins, fuel plates, steam generator tubes, or vessel
walls and are represented as one-dimensional heat conduction in rectangular, cylindrical,
or spherical geometry (Information Systems Laboratories, Inc., 2001b). The heat generated
within RELAP heat structures can be specified as electrical or nuclear heating. Temperature
dependent material properties such as heat capacity, thermal conductivity, and density can
be specified for the heat structure material in tabular or functional form.
Heat structures can be meshed with different mesh spacings and mesh materials. Because
of the ability to vary the mesh spacing, the internal heat source spatial dependence can
vary across the mesh intervals. The specified mesh heat source can be obtained from
reactor kinetics, power versus time tables, or control system variables (Information Systems
Laboratories, Inc., 2001a). Different conditions can be applied at the boundaries of the heat
structure including symmetry or insulating conditions, surface temperature versus time, heat
transfer versus time, heat transfer coefficient versus time or surface temperature. RELAP5
uses the heat transfer correlation package for systems where the heat structures are connected
to hydrodynamic volumes. In addition, the heat transfer correlation package is used in
systems with nucleate boiling, transition boiling, and film boiling (Information Systems
Laboratories, Inc., 2001b).
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RELAP5-3D is the latest version of the RELAP5 series and is a continuation of the
previous one-dimensional RELAP5/MOD3.3 code developed by INL for the NRC (Schultz,
2012). The US Department of Energy (DOE) sponsored additional development to
RELAP5/MOD3.3 to meet its reactor safety requirements after Chernobyl disaster; therefore,
the RELAP5 development effort split into two versions, a NRC version (RELAP5/MOD3.3)
and a DOE version (RELAP5-3D). Water libraries in RELAP5-3D were updated by adding
heavy water properties to the RELAP5/MOD3.3 water libraries (Schultz, 2012). RELAP5-3D
removes the multi-dimensional fluid flow modeling restrictions in RELAP5/MOD3 by adding
multi-dimensional hydrodynamic and multi-dimensional kinetics models. Multi-dimensional
neutron kinetics in RELAP5-3D are based on the NESTLE code (Schultz, 2012).
RELAP5-3D can study the effects of transients and accidents in water-cooled and fast
reactors. RELAP5-3D can model not only the reactor vessel but also many other reactor
systems. Any components can be divided into many one-, two-, or three-dimensional volumes.
These volumes are connected by internal junctions and can be modeled using cartesian (x,y,z)
or cylindrical (r,θ,z) coordinates (Schultz, 2012).
3.3.3. TRAC/RELAP Advanced Computational Engine (TRACE)
TRAC/RELAP Advanced Computational Engine (TRACE) was developed by the NRC
as a replacement for RELAP5/MOD3.3. TRACE can model reactor thermal hydraulics
phenomena at normal or abnormal operating conditions. The code has the capability to
evaluate large and small loss-of-coolant accidents and severe accidents scenarios in Pressurized
and Boiling Water Reactors in one- and three-dimensional spaces. TRACE can model steady
state and transient multidimensional two-phase flow, nonequilibrium thermo-dynamics,
generalized heat transfer, reflood, level tracking, and reactor kinetics (TRACE V5.0 Team,
2007a).
TRACE uses finite volume numerical methods to solve the partial differential equations
that define two-phase flow and heat transfer. It uses multi-step time-differencing and
semi-implicit time-differencing techniques to evaluate fluid-dynamics and heat-transfer
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equations for one- and three-dimensional components. The hydrodynamic model uses the
Newton-Raphson iteration method to solve a system of coupled, nonlinear equations (TRACE
V5.0 Team, 2007a). Then, direct matrix inversion is used to solve the resulting linearized
equations.
TRACE models the reactor system as a connected set of components. Components within
a TRACE model represent the physical pieces (equipment) in a reactor flow loop. Each flow
loop component can be divided into number of connected physical volumes (nodes), and
different fluid parameters are averaged over these volumes. TRACE has no built-in limit
for the number of modeled components and volumes. The hydrodynamic model has many
built-in components such as pipes, plenums, pressurizers, channels, valves, vessels, pumps,
jet pumps, separators, turbines, heaters, containment, and vessels (TRACE V5.0 Team,
2007b).
Heat structure components model the reactor system fuel elements and heated walls.
These structures can be connected to a hydraulics component and modeled in cartesian or
cylindrical geometries. TRACE computes conduction and convection heat transfer for the
heat structures. In addition, power components can be used to deliver power directly to the
fluid via heat structures or hydraulic component walls. Radiation components model the heat
transfer between arbitrary surfaces (TRACE V5.0 Team, 2007b). Fill and break components
are used to model coolant mass or velocity flow and pressure boundary conditions for steady
state and transient problems.
The TRACE execution time depends on the number of mesh cells, the timestep size, and
the rate of change in the neutronic and thermal-hydraulic steady state or transient model.
The Stability-Enhancing Two-Step (SETS) numerics of the hydraulic components allow the
material Courant limit to be exceeded, which in turn increases the slow transient simulation
time step. Therefore, the time required to finish slow developing transient simulations can
be reduced by one or two orders of magnitude (TRACE V5.0 Team, 2007a).
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3.3.4. COMSOL Multiphysics
COMSOL Multiphysics developed by the COMSOL Group (COMSOL Multiphysics Team,
2012) has the capability to couple the heat transfer in solids with fluid flow and heat
transfer using built-in non-isothermal physics. Different types of parameters and variables
can be added to the model, including numbers, parameters, built-in constants, functions with
dependent variables, and binary operators. This study uses two modules within COMSOL,
Computational Fluid Dynamics (CFD) and heat transfer (COMSOL Multiphysics Team,
2012).
The CFD module in COMSOL solves for fluid flow in closed or open systems to evaluate
flow patterns, pressure losses, and temperature profiles for steady state and time-dependent
problems. It has been used to solve for single-phase laminar and turbulent flow, and
multiphase flow for two- and three-dimensional problems (Kim et al., 2001). The CFD
module solves the partial differential equations for momentum, mass and energy with
corresponding initial and boundary conditions.
COMSOL uses the Finite Elements Method (FEM) (COMSOL Multiphysics Team, 2012)
to solve fluid flow, heat transfer, and mass transfer equations by approximating the solution
for differential equations with defined boundary conditions, while other CFD codes such as
Ansys Fluent use the Finite Volume Method (FVM) (Molina-Aiz et al., 2010). COMSOL
and other CFD codes use the Navier-Stokes equations to predict the fluid flow patterns;
but, FEM and FVM codes use different techniques to approximate these equations. In
FEM codes, the real domain is divided into small subdomains, called finite elements (Dhatt
et al., 2012). The solutions of the partial-differential equations is predicted for each finite
element. The solution for all of the finite elements are added to predict the behavior of the
whole model (Zienkiewicz et al., 2013). FEM has an advantage in accurately representing
complex models. The finite volume method (FVM) solves the partial differential equations
over small finite volumes surrounding each node point on a mesh. The FVM is used in
many CFD codes because of its faster solution time (Kim et al., 2001). FEM is preferred
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for multiphysics problems as FEM has better solving capabilities for solid mechanics, heat
transfer, mass transfer, and electromagnetics; therefore, FEM is better at solving coupled
fluid/solid models, as the interface between the fluids and solids in the model has the same
node-based finite element degrees of freedom (COMSOL Multiphysics Team, 2012).
The built-in non-isothermal physics in COMSOL couple the heat transfer in solids with
fluid flow and heat transfer. The equations of fluid flow and heat transfer are automatically
added by COMSOL to the model. The equations of fluid flow and heat transfer are coupled
with non-isothermal physics if heat flux or volume heat sources are added to the fluid flow
model (COMSOL Multiphysics Team, 2012).
3.4. Model Descriptions
This section presents a detailed description of the RELAP5/MOD3.3, RELAP5-3D,
TRACE, two-dimensional axisymmetric COMSOL, and three-dimensional COMSOL single
channel models used in the present work.
3.4.1. Model Conditions
All of the models have the same inlet and outlet pressure boundary conditions, fuel
element axial and radial power profiles, and average core ring power profile. The GSTR
core resides at the bottom of a 7.55 m high tank; therefore, there is significant hydrostatic
pressure at the core inlets and exits. The GSTR reactor is cooled by natural convection; and,
the pool temperature must not exceed the maximum bulk pool temperature limit of 60 ◦C
specified in the reactor’s Technical Specifications. Table 3.1 shows the hydrostatic pressure
inlet and outlet boundary conditions calculated for inlet temperatures of 25 ◦C and 60 ◦C.
Table 3.1. Hydrostatic pressures and density boundary conditions used in the GSTR
models.
Input parameters 25 ◦C 60 ◦C
Density (kg/m3) 997 983.2
Inlet pressure (Pa) 167654.9 166720.8
Outlet pressure (Pa) 161289.9 160443
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The axial and radial power profiles in the GSTR fuel elements are not uniform; therefore,
these power profiles (Figure 3.7) are incorporated within models to correctly represent the
power generation in the GSTR fuel elements. The axial and radial power profiles presented
in Figure 3.7 were calculated using MCNP5 (Shugart and King, 2014). The fuel element
powers differ depending on the GSTR ring where the fuel element is located, the fuel element
type, and the operating reactor power. Figure 3.8 shows the average fuel element power in
each GSTR ring at different reactor operating powers.
Table 3.2 shows the average coolant flow cross-sectional area for each GSTR ring. Figure
3.9 shows the subchannel flow area for average coolant subchannel. The areas and fuel










= Acoolant + Afuel (3.2)
Figure 3.7. Fuel element radial and axial power distributions.
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Figure 3.8. GSTR average fuel element power by ring and reactor power.
Table 3.2. GSTR fuel ring dimensions.
ring ring number of total total cell fuel
inner outer fuel ring cell flow element
radius radius elements area area area pitch




B 1.91 5.97 6 100.51 16.75 5.80 4.40
C 5.97 9.96 12 199.86 16.66 5.71 4.39
D 9.96 13.93 18 297.82 16.55 5.60 4.37
E 13.93 17.90 24 397.15 16.55 5.60 4.37
F 17.90 21.87 30 496.42 16.55 5.60 4.37
G 21.87 26.42 36 688.99 19.14 8.19 4.70





















Figure 3.9. Unit cell of the average coolant subchannel.
At the beginning of the analyses, single channel models for each GSTR ring were built
in COMSOL Multiphysics using the data in Table 3.2. Based on these models, there are
no significant temperature differences between the B-, C-, D-, E-, and F-rings, while the
temperatures in the G-ring are significantly different from the other rings. Therefore,
the smallest coolant cross-sectional area and pitch out of the B-, C-, D-, E-, and F-rings
(5.60 cm2 and 4.37 cm, respectively) is chosen to represent all of these rings. The coolant
cross-sectional area of the G-ring is set at 8.19 cm2. In addition, all models incorporate the
same U-ZrH fuel properties including thermal conductivity, heat capacity, and density based
on the data published by General Atomics (Table 3.3) (General Atomics Technologies, Inc.,
1987; Simnad, 1981).
Table 3.3. Fuel properties used in the GSTR models.
property value/equation
Density (kg/m3) 6549.6
Heat capacity (J/kg ◦C) 0.63T+312.36
Thermal conductivity (W/mK) 0.0075T+17.58
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3.4.2. RELAP5/MOD3.3, RELAP5-3D, and TRACE Models
This project builds single channel models of the GSTR coolant channels using
RELAP5/MOD3.3 Patch 04, RELAP5-3D Version 4.2.1, and TRACE version 5.0, as these
codes have all been used by the NRC for TRIGA reactor thermal hydraulics analyses (Marcum
et al., 2010; Cheng et al., 2009; Chatzidakis et al., 2013; Marcum et al., 2012; Marcum
et al., 2009; Reis et al., 2012; Bousbia-Salah et al., 2006; Costa et al., 2010). The present
RELAP5/MOD3.3, RELAP5-3D, and TRACE models are built using the pressure boundary
conditions and fuel element power profiles specified in Section 3.4.1. The length of the flow
channel is 65 cm to accommodate the graphite plugs, top fittings, and bottom fittings.
The heat structure height is 38.1 cm for stainless steel-clad fuel elements and 35.6 cm for
aluminum-clad fuel elements. The heat structure is connected with the coolant channel
component as shown in Figure 3.10.
Figure 3.10. Geometry of the RELAP5/MOD3.3, RELAP5-3D, and TRACE model of the
GSTR.
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The coolant channel is divided into 24 axial connected volumes. Because the heat
structure within these codes is a two-dimensional component, the fuel element is divided
into 24 radial mesh divisions (Table 3.4) and 24 axial mesh divisions (Table 3.5) for a total
of 576 cells. Figure 3.11 illustrates the radial and axial mesh cells of the fuel element in
the RELAP5/MOD3.3, RELAP5-3D, and TRACE models. The fuel element power profiles
in RELAP5/MOD3.3 and RELAP5-3D are defined by multiplying the total fuel element
power versus time table by the power factor of each heat structure mesh cell. In contrast
to the RELAP5/MOD3.3 and RELAP5-3D models, the fuel element power profiles in the
TRACE model are defined using TRACE power components to specify each heat structure
node power factor. RELAP5-3D contains new water libraries that were updated by adding
heavy water properties to RELAP5/MOD3.3 water libraries. These new libraries are used
in the RELAP5-3D single channel model.
Figure 3.11. Radial and axial mesh cells of the fuel element in the RELAP5/MOD3.3,
RELAP5-3D, and TRACE models.
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Table 3.4. Heat structure radial node
lengths.
length (cm)

























Table 3.5. Heat structure axial node
lengths.
length (cm)


























COMSOL Multiphysics has the capability to model fluid heat transfer in one-, two-,
and three-dimensional spaces. Two GSTR single channel models are built using COMSOL
Multiphysics. The two-dimensional axisymmetric COMSOL model contains the gap and
clad domains required to model the gap thin layer (0.1 mm). The three-dimensional model
was built to see if the three-dimensional model gave more accurate and precise results, but
considers the gap and clad domains as a single effective material. Figure 3.12 shows the
two-dimensional axisymmetric and three-dimensional COMSOL single channel models. The
pressure boundary conditions, material properties, axial domain pressures, and the axial and
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Figure 3.12. Two-dimensional axisymmetric and three-dimensional COMSOL models of the
GSTR.
radial power profiles are the same as RELAP5/MOD3.3, RELAP5-3D, and TRACE models.
Equations are fit to the radial and axial power profiles (Figure 3.7) and are added as functions
to the COMSOL models. In the three-dimensional model, the gap layer is omitted, as it is a
very thin layer, requiring a high number of mesh cells that cannot be solved easily; therefore,
the gap and clad layers are substituted by an effective material (Figure 3.13). Substituting
the gap and clad layers with an effective material reduces the required number of mesh
cells in the three-dimensional model. The effective thermal conductivity of the composite
(gap and clad) is obtained as a function of the gap and clad thermal resistance as shown in









Figure 3.13. Composite material used to represent the gap and clad in the three-dimensional
COMSOL model.
The heat flux rate going through the homogenous material with an effective thermal
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The effective density is defined so that the homogenous material with effective density






L Ag ρg +
tc
(tg + tc)
L Ac ρc. (3.10)
The total mass of the homogenous material with density is equal to:
M = L Aeff ρeff . (3.11)








The effective heat capacity is calculated so that the homogenous material with an effective
heat capacity has same total heat capacity as the composite gap and clad. The total heat




L Ag ρg Cg +
tc
(tg + tc)
L Ac ρc Cc. (3.13)
The total heat capacity of the homogenous material is equal to (Nellis and Klein, 2009):
C = L Aeff ρeff Ceff . (3.14)
Setting Equation (3.13) equal to Equation (3.14) and solving for effective heat capacity
leads to (Nellis and Klein, 2009):
Ceff =
tg ρg
(tg + tc) ρeff
Cg +
tc ρc
(tg + tc) ρeff
Cc. (3.15)
3.5. Model Results
The single channel models predict the maximum fuel, maximum inner clad, maximum
outer clad, and average outlet temperatures at different fuel element powers and inlet
temperatures, and in different core rings. Figure 3.14 shows the temperatures predicted
by the two-dimensional axisymmetric COMSOL model as a function of power for all of the
GSTR rings at a 60 ◦C inlet temperature. The stainless steel-clad fuel elements in the GSTR
are positioned in the B-, C-, D-, E-, and G-rings, while aluminum-clad fuel elements are
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Figure 3.14. Temperatures predicted by the two-dimensional axisymmetric COMSOL model
for stainless steel-clad fuel elements as a function of power with a 60 ◦C inlet temperature.
positioned in the F- and G-rings. As shown in Table 3.2, the coolant flow cross-sectional areas
for the B-, C-, D-, E-, and F-rings vary only slightly; therefore, the predicted temperatures
in these rings are almost identical for the same fuel element powers. On the other hand,
the G-ring cross-sectional area is higher, which in turn causes the predicted temperatures
in the G-ring to be different than in B-, C-, D-, E-, and F-rings. Figure 3.15 shows the
temperatures predicted by the two-dimensional axisymmetric COMSOL model for the B-
and C-rings as a function of the fuel element power and inlet temperatures of 25 ◦C and
60 ◦C. Figure 3.15 shows that the effect of the inlet temperature is largely linear, resulting
in a consistent ∼35 ◦C increase in all temperatures when the inlet temperature is increased
from 25 ◦C to 60 ◦C.
3.5.1. Maximum Fuel Temperature
Figure 3.16 shows the maximum fuel temperature predicted by each of the models for
the stainless steel-clad fuel elements with the smallest coolant flow cross sectional area in
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Figure 3.15. Temperatures predicted by the two-dimensional axisymmetric COMSOL model
for stainless steel-clad fuel elements as a function of power for the B- and C-rings with 25 ◦C
and 60 ◦C inlet temperatures.
Table 3.2 (5.60 cm2). The maximum fuel temperatures predicted by the RELAP5/MOD3.3,
RELAP5-3D, two-dimensional axisymmetric COMSOL, and three-dimensional COMSOL
models are comparable, but the TRACE model predicts significantly higher fuel temperatures.
In addition, Figure 3.17 displays the maximum fuel temperatures calculated by each model
for each GSTR ring at 1 MW of reactor power and an inlet temperature of 60 ◦C for the
stainless steel-clad elements in the B-, C-, D-, E-, and G-rings and the aluminum-clad fuel
elements in the F-ring. All of the fuel elements in the GSTR F-ring are aluminum-clad.
The RELAP5/MOD3.3 and RELAP5-3D results are essentially identical; therefore, the
RELAP5/MOD3.3 and RELAP5-3D results are indistinguishable in all of the following
figures. The maximum fuel temperatures are calculated based on the average fuel element
power in each ring. The highest fuel temperatures are predicted in the B- and C-rings as
these rings have the highest average powers.
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Figure 3.16. Predicted maximum fuel temperatures in the stainless steel-clad fuel elements
as a function of fuel element power at an inlet temperature of 60 ◦C.
Figure 3.17. Predicted maximum fuel temperatures in each GSTR fuel ring at 1 MW of
reactor power and an inlet temperature of 60 ◦C.
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The maximum fuel temperature for each GSTR ring as a function of reactor power can
be predicted after solving all of the single channel models for the stainless steel-clad and
aluminum-clad fuel elements in each of the GSTR different rings. Figure 3.18 shows the
maximum fuel temperatures calculated by the RELAP5/MOD3.3 model for each GSTR
fuel ring as a function of reactor power. The aluminum-clad fuel elements in the G-ring
have higher fuel temperatures than the stainless steel-clad fuel elements in the G-ring. The
aluminum-clad fuel elements have less fuel volume than stainless steel-clad fuel elements,
resulting in higher average power densities and temperatures in these fuel elements. Also,
the C-ring (stainless steel-clad) fuel element temperatures are higher than those in the B-ring
as the C-ring fuel elements have higher average powers (see Figure 3.8).
Figure 3.18. Maximum fuel temperatures calculated by the RELAP5/MOD3.3 model in
each GSTR fuel ring as a function of reactor power.
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3.5.2. Maximum Inner Clad Temperature
Figure 3.19 compares the maximum inner clad temperatures predicted by each model
for the stainless steel-clad fuel elements with smallest coolant flow cross sectional area in
Table 3.2. The maximum clad temperature occurs slightly above the axial midplane due to
the axial power profile. The RELAP5/MOD3.3 and RELAP5-3D model results agree very
well with those predicted by the two-dimensional axisymmetric COMSOL model; however,
the three-dimensional COMSOL and TRACE models predict higher temperatures at the
edge on the inner clad.
As discussed in Section 3.2, an effective material with thickness equal to the sum of
the gap and the clad substitutes for the gap and clad domains in the three-dimensional
COMSOL model. The effective heat capacity, density, and thermal conductivity values for
the effective material lead to accurate predictions of the coolant and fuel temperatures;
however, the resulting model does not predict the inner clad temperature correctly, as the
Figure 3.19. Predicted maximum inner clad temperatures of the stainless steel-clad fuel
elements as a function of fuel element power at an inlet temperature of 60 ◦C.
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cladding temperature drops linearly in the effective material domain. In the models with an
accurate depiction of the gap and clad, the temperature drops significantly across the 0.1
mm thick gap domain (∆Tgap=125− 128 ◦C) and drops only slightly across the clad domain
(∆Tclad=6.5− 6.9 ◦C). In addition, the TRACE model predicts an inner clad temperature
higher than the other models, as it predicts higher cladding surface temperatures. Figure 3.20
shows the maximum inner clad temperatures for each of the GSTR rings at a reactor power
of 1 MW and an inlet temperature of 60 ◦C for the stainless steel-clad elements in the B-,
C-, D-, E-, and G-rings and the aluminum-clad fuel elements at F-ring. Figure 3.21 shows
the maximum inner clad temperature calculated by the RELAP5/MOD3.3 model for each
GSTR fuel ring as a function of reactor power.
Figure 3.20. Predicted maximum inner clad temperatures in each ring at 1 MW of reactor
power and an inlet temperature of 60 ◦C.
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Figure 3.21. Maximum inner clad temperatures calculated by the RELAP5/MOD3.3 model
for each GSTR fuel ring as a function of reactor power.
3.5.3. Maximum Outer Clad Temperature
Figure 3.22 displays the coolant temperature at the clad surface calculated by each of
the models for the stainless steel-clad fuel elements with smallest coolant flow cross sectional
area in Table 3.2. The results from the RELAP5/MOD3.3, RELAP5-3D, two-dimensional
axisymmetric COMSOL, and three-dimensional COMSOL models are approximately equal,
but the TRACE model predicts higher cladding surface temperatures. The results for the
outer clad maximum temperature from the three-dimensional COMSOL model (with an
effective material for the gap and clad domains) agree with the results from the
RELAP5/MOD3.3, RELAP5-3D, and two-dimensional axisymmetric COMSOL models. The
three-dimensional COMSOL model accurately predicts the outer clad temperatures, as the
outer clad temperature is primarily controlled by the heat transfer from the clad to the
water, which is not impacted by the effective material.
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Figure 3.22. Predicted maximum outer clad temperatures of the stainless steel-clad fuel
elements as a function of fuel element power at an inlet temperature of 60 ◦C.
Figure 3.23 presents GSTR core pressure and coolant saturation temperature as a function
of the core height. The saturation temperature of the water inside the GSTR core is greater
than 113 ◦C. Voids will start to form within the coolant channels when the outer clad
temperature exceeds the saturation temperature, corresponding to the onset of incipient
boiling. Based on the saturation temperature of the coolant, the COMSOL models predict
that voids start to form at fuel element powers equal to or higher than 17.9 kW, as the
outer clad surface temperature is higher than 113 ◦C at these powers (see Figure 3.23).
The COMSOL models lack two-phase physics; however, the temperature predictions of the
COMSOL models are conservative, as convective heat transfer initial increases with the onset
of incipient boiling (Todreas and Kazimi, 2011).
65
Figure 3.23. Hydrostatic pressure and water saturation temperature as a function of core
height.
The RELAP5/MOD3.3 and RELAP5-3D models predict that voids will form at fuel
element powers higher than 18.9 kW, while the TRACE model predicts void formation
at fuel element powers less than 8 kW. Figure 3.24 compares the maximum local void
fraction calculated by the RELAP5/MOD3.3, RELAP5-3D, and TRACE models. At the
normal GSTR operating power (1 MW) with an inlet of 60 ◦C, there is no void formation
predicted by the RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL,
and three-dimensional COMSOL models (Figure 3.25). The highest outer clad temperatures
occur in the B-, and C-rings, and these temperatures do not exceed the saturation temperature
(>113 ◦C). Figure 3.25 shows the predicted maximum outer clad temperatures for each of
the GSTR rings at a reactor power of 1 MW and an inlet temperature of 60 ◦C for the
stainless steel-clad elements in the B-, C-, D-, E-, and G-rings and for the aluminum-clad
fuel elements in the F-ring. Figure 3.26 shows the maximum outer clad temperature predicted
by the RELAP5/MOD3.3 model in each GSTR fuel ring as a function of reactor power.
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Figure 3.24. Local maximum void fraction calculated by the RELAP5/MOD3.3,
RELAP5-3D, and TRACE models.
Figure 3.25. Predicted maximum outer clad temperatures in each ring at 1 MW of reactor
power and an inlet temperature of 60 ◦C.
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Figure 3.26. Maximum outer clad temperatures calculated by the RELAP5/MOD3.3 for
each GSTR fuel ring as a function of reactor power.
3.5.4. Average Coolant Temperature
Figure 3.27 compares average outlet temperature calculated by each model for the stainless
steel-clad fuel elements with the smallest coolant flow cross sectional area in Table 3.2
(5.60 cm2). The RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL,
and three-dimensional COMSOL model results differ slightly by (1− 1.5 ◦C); however, the
TRACE model predicts higher average outlet temperatures by up to 20 ◦C. Figure 3.28
shows the average coolant temperatures for each of the GSTR rings at a reactor power of 1
MW and an inlet temperature of 60 ◦C for the stainless steel-clad fuel elements in the B-,
C-, D-, E-, and G-rings and for the aluminum-clad fuel elements in the F-ring. The highest
average outlet temperatures occur in the B- and C-rings. Figure 3.29 shows the average
coolant temperatures predicted by the RELAP5/MOD3.3 model for each GSTR fuel ring as
a function of reactor power.
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Figure 3.27. Predicted average outlet temperatures for the stainless steel-clad fuel elements
as a function of fuel element power at an inlet temperature of 60 ◦C.
Figure 3.28. Predicted average outlet temperatures in each ring at 1 MW of reactor power
and an inlet temperature of 60 ◦C.
69
Figure 3.29. Average outlet temperatures calculated by the RELAP5/MOD3.3 model for
each GSTR fuel ring as a function of reactor power.
3.5.5. Analysis of Code Differences
As discussed earlier, there are significant differences in the results produced by the
RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL, and
three-dimensional COMSOL models and the results produced by the TRACE model. To
understand the reasons for these differences, ∆Tfuel, ∆Tgap, ∆Tclad, and ∆Tcoolant are plotted
for the stainless steel-clad fuel elements with the smallest coolant flow cross sectional area
in Table 3.2 (5.60 cm2) at an inlet temperature of 60 ◦C (Figures 3.30-3.33). All of the
models have roughly the same temperature rise across the fuel (Figure 3.30). Having the
same ∆Tfuel indicates that the equations used to solve for the solid heat transfer in all
of models give approximately same solution. For ∆Tgap (Figure 3.31), all of the models
except the three-dimensional COMSOL model give approximately similar solutions. The
three-dimensional COMSOL model also calculates a higher ∆Tclad as a result of the effective
material (Figure 3.32). The differences between the three-dimensional COMSOL model and
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Figure 3.30. ∆Tfuel calculated for the stainless steel-clad fuel elements as a function of fuel
element power.
Figure 3.31. ∆Tgap calculated for the stainless steel-clad fuel elements as a function of fuel
element power.
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Figure 3.32. ∆Tclad calculated for the stainless steel-clad fuel elements as a function of fuel
element power.
Figure 3.33. ∆Tcoolant calculated for the stainless steel-clad fuel elements as a function of
fuel element power.
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the other models result from the effective material domain (Section 3.4.3).
The three-dimensional COMSOL model predicts ∆Tclad in the range of 0.0− 97.7 ◦C,
depending on fuel element power, while the other models predict ∆Tclad in the range of
0.0 − 6.9 ◦C as a function of fuel element power (Figure 3.32). In order to verify that the
differences in ∆Tgap and ∆Tclad predicted by the three-dimensional COMSOL model are due
to the effective material, ∆Tgap + ∆Tclad is plotted as a function of fuel element power for
each model (see Figure 3.34). As shown in this Figure, The ∆Tgap + ∆Tclad calculated by
the three-dimensional COMSOL model agrees with the other models. All of the models
predict similar values of ∆Tcoolant; except TRACE, which yields significantly higher values
(Figure 3.33). This indicates the convection correlations in the TRACE code may not be
appropriate for natural convection problems.
Figure 3.34. ∆Tgap+∆Tclad calculated for the stainless steel-clad fuel elements as a function
of fuel element power.
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3.6. Summary and Conclusions
The Geological Survey TRIGA Reactor (GSTR) is a 1 MW Mark I TRIGA Reactor
located at the Denver Federal Center (DFC) in Lakewood, Colorado. Single channel models
of the GSTR developed using a range of U.S. Nuclear Regulatory Commission, Department
of Energy, and commercial codes, including RELAP5/MOD3.3, RELAP5-3D, TRACE,
and COMSOL Multiphysics, predict the GSTR fuel, inner clad, outer clad, and coolant
temperatures. The codes results are compared to understand the codes’ differences and
limitations. The models produced using each code include the same boundary conditions,
channel dimensions, and power profiles.
The fuel temperatures predicted by the RELAP5/MOD3.3, RELAP5-3D, two-dimensional
axisymmetric COMSOL, and three-dimensional COMSOL models are comparable; but, the
TRACE model predicts higher fuel temperatures. The maximum inner clad temperature
predicted by the RELAP5/MOD3.3 and RELAP5-3D models agree very well with those
predicted by the two-dimensional axisymmetric COMSOL model; however, the three-
dimensional COMSOL and TRACE models predict higher temperatures at the inner edge of
the clad. In the three-dimensional COMSOL model, an effective material represents the gap
and clad domains. The effective material in the three-dimensional COMSOL model results
in comparable fuel and coolant temperatures; but, it does not precisely represent the inner
clad. The TRACE model predicts a higher outer clad surface temperature which results in a
higher inner clad temperature than that predicted by the RELAP5/MOD3.3, RELAP5-3D,
and two-dimensional axisymmetric COMSOL models.
The RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL, and
three-dimensional COMSOL models predict maximum outer clad temperatures that are
approximately equal; however, the TRACE model predicts significantly higher coolant and
clad temperatures. The three-dimensional COMSOL model matches the outer clad
temperature of the RELAP5/MOD3.3, RELAP5-3D, and two-dimensional axisymmetric
COMSOL as the outer clad temperature is primarily controlled by the heat transfer from
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the clad to the water, which is not impacted by the effective material.
The coolant saturation temperature inside the GSTR core is >113 ◦C. Based on the
saturation temperature of the coolant, the two-dimensional axisymmetric and three-
dimensional COMSOL models indicate that voids start to form in the coolant channels
at fuel element powers above 17.9 kW. The RELAP5/MOD3.3 and RELAP5-3D models
predict that voids form at fuel element powers higher than 18.9 kW, while the TRACE
model predicts void formation at fuel element powers less than 8 kW. At the normal GSTR
operating power (1 MW), there is no void formation predicted by the RELAP5/MOD3.3,
RELAP5-3D, two-dimensional axisymmetric COMSOL, and three-dimensional COMSOL
models.
All of the models predict roughly the same temperature differences across the fuel, which
indicates that the equations used to solve for the solid heat transfer in all of the models
give approximately same solution. For the temperature difference across the gap, all of the
models give approximately identical solutions except for the three-dimensional COMSOL
model, in which the temperature decreases less than in the other models. In addition,
the three-dimensional COMSOL model gives higher temperature differences across the clad
as a result of the effective material. All of the models except the TRACE model predict
approximately the same temperature difference across the clad and coolant. The convection
correlations in TRACE may not be appropriate for natural convection problems.
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COMPARISON OF RELAP5/MOD3.3 AND COMSOL MULTICHANNEL FLUID FLOW
MODELS OF A TRIGA REACTOR
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4.1. Abstract
The Geological Survey TRIGA Reactor (GSTR) is a 1 MW Mark I TRIGA reactor
located at the Denver Federal Center (DFC) in Lakewood, Colorado. This paper compares
multichannel thermal hydraulics models of the GSTR constructed in RELAP5/MOD3.3
and COMSOL Multiphysics to study the impact of coolant cross-flow on the fuel, clad,
and coolant temperatures. Adding coolant cross-flow to the multichannel models results in
lower fuel and outer clad temperatures by up to 16.7 ◦C and 4.8 ◦C, respectively. There are
significant differences in the coolant outlet temperatures and the axial temperature profiles
predicted by the RELAP5/MOD3.3 and COMSOL multichannel models. The
RELAP5/MOD3.3 multichannel model predicts that the coolant temperatures in all fuel
rings rise axially with core height, while the coolant temperatures predicted by the COMSOL
multichannel model rise with core height in the B-, C-, and D-rings and peak and then
decrease in the E-, F-, and G-rings. The COMSOL multichannel model predicts different
coolant outlet and axial temperatures than the RELAP5/MOD3.3 multichannel model due to
the different coolant flow patterns within the core predicted by the models. In the COMSOL
multichannel model, the coolant tends to flow from the bottom sides of the core to the core
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,
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center, while the coolant in the RELAP5/MOD3.3 multichannel model flows predominantly
in the axial direction.
NOMENCLATURE
English
Ac clad cross sectional area (cm
2)
Acoolant channel coolant flow area (cm
2)
Aeff composite material cross sectional area (cm
2)
Afuel total fuel cross sectional area (cm
2)
Ag gap cross sectional area (cm
2)
Atotal ring average total area (cm
2)
C composite material total heat capacity (J/kg-K)
cal aluminum material heat capacity (J/kg-K)
cc clad material heat capacity (J/kg-K)
ceff effective material heat capacity (J/kg-K)
cg gap heat capacity (J/kg-K)
cs stainless steel heat capacity (J/kg-K)
kal aluminum thermal conductivity (W/m-K)
kc clad material thermal conductivity (W/m-K)
keff effective material thermal conductivity (W/m-K)
kg gap thermal conductivity (W/m-K)
ks stainless steel thermal conductivity (W/m-K)
L composite material thickness (m)
M composite material total mass (kg)
N ring number of fuel elements
q̇ heat transfer through composite material (W)
Rfuel fuel element outer radius area (cm)
Ri ring inner radius (cm)
Ro ring outer radius (cm)
T fuel temperature ( ◦C)
tc clad material thickness (m)
tg gap thickness (m)
Greek
∆T temperature change ( ◦C)
∆Tcoolant coolant temperature change (
◦C)
ρal aluminum density (kg/m
3)
ρc clad material density (kg/m
3)
ρeff effective material density (kg/m
3)
ρg gap density (kg/m
3)




The Geological Survey TRIGA Reactor (GSTR) is a Mark I TRIGA reactor with a
maximum steady state thermal power output of 1 MW. In addition, the GSTR can operate
in pulse mode with a maximum allowable pulse reactivity insertion of $3 (Day, 2004). The
GSTR was built in 1969 and is located at the Denver Federal Center (DFC) in Lakewood,
Colorado. It is a swimming pool type reactor fueled with uranium-zirconium hydride fuel.
The GSTR provides many services, including neutron activation analysis, delayed neutron
analysis for uranium and thorium assay, radioisotope production, fission track experiments,
neutron radiography, and neutron irradiation for argon dating (DeBey et al., 2012).
Previous modeling efforts for the GSTR developed single channel thermal hydraulics
models using RELAP5/MOD3.3, RELAP5-3D, TRACE, and COMSOL Multiphysics
(Chapter 3). The RELAP5/MOD3.3, RELAP5-3D, and two-dimensional axisymmetric
COMSOL single channel models predict approximately the same fuel, clad, and coolant
temperatures. In contrast, the TRACE model predicts higher fuel, clad, and coolant
temperatures, suggesting that the convection correlations within TRACE may not be accurate
for natural convection simulations (Chapter 3). The TRACE simulations predict void
formation within the GSTR coolant channels at fuel element powers less than 8 kW, while
the RELAP5/MOD3.3 and RELAP5-3D simulations show that there is no void formation
at fuel element powers below 18.9 kW. Based on the saturation temperature of the water in
the GSTR core, the COMSOL model does not predict void formation below 17.9 kW.
The single channel models predict fuel, clad, and coolant temperatures depending on
the average coolant cross sectional area in each fuel ring, with inlet and outlet areas equal
to the cross sectional area. This assumption is inaccurate since the inlet and outlet areas
depend on the top and bottom grid plate openings. In the single channel models, coolant
flows directly from the bottom of the channel to the top of the channel as a result of natural
convection driven by the heat produced by fuel element. In reality, the channels within the
reactor core are connected to each other, so the coolant can flow between adjacent channels,
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depending on coolant density variations within the core. This is especially true in cores with
non-uniform power densities, such as the GSTR.
Single channel thermal hydraulics models do not account for the complicated heat transfer
and fluid flow patterns within the core. To more accurately predict the complex flow patterns
that exist within the core, this paper develops a detailed three-dimensional multichannel
geometric representation of the GSTR coolant water, along with a multichannel model of heat
transfer and fluid flow in one-sixth of the GSTR core using the COMSOL Multiphysics code.
In addition, this paper develops a detailed multichannel model of heat transfer and fluid flow
in the GSTR full core using RELAP5/MOD3.3 code. The COMSOL and RELAP5/MOD3.3
multichannel models incorporate the complex inlets and outlets in the top and bottom grid
plates to study the effects of these openings have on the coolant cross-flow.
This paper considers the impact of coolant cross-flow on the fuel, clad, and coolant
temperatures in the fuel rings of the GSTR, and highlights the differences in the results
from the single channel and the multichannel thermal-hydraulic models of the GSTR. The
COMSOL and RELAP5/MOD3.3 multichannel models have the same boundary conditions,
fluid properties, channel dimensions, and power profiles. The next section describes the
GSTR in detail, followed by a summary of the single channel model results and the results
from previous multichannel TRIGA models.
4.3. Background
This section describes the Geological Survey TRIGA Reactor in detail, summarizes the
results from the RELAP5/MOD3.3, RELAP5-3D, TRACE, and COMSOL Multiphysics
single channel models, and provides an overview of previous efforts to develop multichannel
models of TRIGA reactors.
4.3.1. Geological Survey TRIGA Reactor
The Geological Survey TRIGA Reactor (GSTR) was built in 1969 and is located in
Lakewood, Colorado. It is a Mark I TRIGA reactor with a maximum steady state thermal
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power output of 1 MW. In addition, this reactor can operate in a pulse mode pulse with a
maximum reactivity insertion of $3 (Day, 2004). Figure 4.1a shows an axial cross section view
of the GSTR, while Figure 4.1b shows a top view of the GSTR. The GSTR supports the US
Geological Survey’s science mission and performs many services for the USGS and others,
including neutron activation analysis, delayed neutron counting, radioisotope production,
fission track experiments, neutron radiography, and neutron irradiation for argon dating
(DeBey et al., 2012).
The GSTR core is cylindrical and resides at the bottom of a 7.55 m high and 2.34 m
inner diameter tank. The base of the core is located 0.61 m above the base of the tank.
The distance from the core top grid to the tank top water surface is approximately 6.2 m.
The GSTR core contains 122 fuel elements and 4 control rods. The core layout is annular
and consists of six concentric fuel rings (Figure 4.2). The A1 location contains the central
thimble, which is used for high flux irradiation.
The top and bottom grid plates are fabricated from aluminum alloy 6061-T6 and hold
the fuel elements in position. The diameters of the GSTR top and bottom grids are 53.5 cm
and 49.7 cm, respectively. Both grid plates are 1.9 cm thick. Each of the 126 fuel or control
rod holes are 3.8 cm in outer diameter. Each location in the top grid plate corresponds to the
same location in the lower grid plate to arrange the fuel elements exactly in their locations
and to maintain the elements in a vertical orientation. In the top grid, there are triangular
cutouts in the D8,E10,E11 and D17,E22,E23 locations. These triangular cutouts enable
removing the fuel elements at these locations to insert approximately triangular vertical
irradiation tubes.
The fuel of the GSTR is uranium-zirconium hydride fuel (U-ZrH) enriched to less than 20
wt% uranium-235. The cladding material is either stainless steel or aluminum. The GSTR
contains three types of fuel elements: stainless steel-clad 8.5 wt% uranium fuel, stainless
steel-clad 12 wt% uranium fuel, and aluminum-clad 8 wt% uranium fuel (Shugart and King,
2014). Table 4.1 illustrates the basic properties of the GSTR fuel elements.
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Figure 4.1. Rendered views of the Geological Survey TRIGA Reactor.
Figure 4.2. GSTR core element positions.
Table 4.1. GSTR fuel types and properties.
Stainless steel clad Aluminum clad
Fuel element property 8.5 wt% U 12 wt% U 8.0 wt% U
Overall length (cm) 72.06 72.06 72.06
Diameter (cm) 3.734 3.734 3.759
Fuel length (cm) 38.1 38.1 35.56
U nominal grams 39 55 36
Enrichment wt% <20 <20 <20
Uranium fraction (wt%) 8.5 12 8
Cladding material stainless steel stainless steel aluminum
H/Zr atom ratio 1.7:1 1.7:1 1:1
Recommended operating temp ( ◦C) 800 800 530
The aluminum-clad fuel elements (Figure 4.3a) are 72 cm in total length including the
top and bottom fittings with an outer diameter of 3.8 cm. The fuel is located between
two graphite plugs and has a length of 35.6 cm. The graphite plugs in the aluminum clad
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Figure 4.3. TRIGA fuel elements used in the GSTR.
elements have a length of 10 cm. The aluminum clad fuel element also contains samarium
trioxide burnable neutron absorber discs between the graphite and fuel (Shugart, 2013).
The stainless steel-clad fuel elements (Figure 4.3b) are 72 cm in total length including
the top and bottom fittings with an outer diameter of 3.7 cm (Shugart and King, 2014).
The fuel is located between two graphite plugs and is 38.1 cm in length (see Figure 4.3a). A
zirconium rod, used in the manufacturing process, is located in the middle of the fuel in the
stainless steel fuel elements. The graphite plugs each have a length of 8.8 cm and are located
above and below the fuel to reduce neutron leakage (Shugart and King, 2014). Samarium
trioxide discs are added as a burnable neutron absorber between the graphite and fuel.
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The GSTR, with a steady state power of 1 MW, can be safely cooled by natural convection
(Fouquet et al., 2003). The pool temperature must not exceed the maximum bulk pool
temperature limit of 60 ◦C (U.S. Geological Survey, 2009); therefore, to operate the reactor
at more than 100 KW for long periods of time, pool cooling is required. In the GSTR, water
flows to a secondary cooling system to remove the heat from the primary cooling system
through a heat exchanger. The water in the secondary cooling system is cooled by a forced
draft cooling tower with vertical air discharge. The sprayers in the cooling tower spray water
to increase the heat transfer rate and fans are used to cool the water.
4.3.2. GSTR Single Channel Model Results
This section summarizes the results of the RELAP5/MOD3.3, RELAP5-3D, TRACE,
and COMSOL single channel thermal hydraulics models of the GSTR. The single channel
models predict the maximum fuel, clad, and coolant outlet temperatures as a function of
fuel element power. In addition, the RELAP5/MOD3.3, RELAP5-3D, and TRACE models
predict the coolant channel void fraction as a function of fuel element power (Chapter 3).
The RELAP5/MOD3.3 and RELAP5-3D models were developed using the Symbolic Nuclear
Analysis Package (SNAP), which the NRC developed to help users create and edit input files
for the NRC codes (Jones et al., 2009). The RELAP5/MOD3.3 and RELAP5-3D models
have the same input file, but the RELAP5-3D simulations incorporate the updated water
property libraries available in the RELAP5-3D version (Schultz, 2012). The TRACE model
was also developed using the SNAP, based on the RELAP5/MOD3.3 model. Two COMSOL
single channel models (two-dimensional axisymmetric and three-dimensional) were developed
using COMSOL Multiphysics Version 4.3a (Chapter 3). These COMSOL models predict
approximately the same fuel, outer clad, and coolant temperatures; therefore, this paper
presents the results of the three-dimensional model.
The highest fuel temperatures predicted by all four models occur in the C-ring,
corresponding to the highest fuel element powers. The RELAP5/MOD3.3 and RELAP5-3D
results are essentially identical; therefore, the RELAP5/MOD3.3 and RELAP5-3D results
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are indistinguishable in all of the following figures. Figure 4.4 shows the maximum fuel
temperature predicted by each of the single channel models for the stainless steel-clad
fuel elements with the smallest ring-averaged coolant flow cross sectional area (5.60 cm2)
(Chapter 3). The fuel temperatures predicted by the RELAP5/MOD3.3, RELAP5-3D, and
COMSOL single channel models are comparable, but the TRACE model predicts higher fuel
temperatures.
Figure 4.5 displays the coolant temperature at the clad surface calculated by each of the
models for the stainless steel-clad fuel elements with smallest coolant flow cross sectional
area (5.60 cm2) (Chapter 3). The RELAP5/MOD3.3, RELAP5-3D, and COMSOL single
channel models predict approximately the same outer clad temperatures, but the TRACE
model predicts significantly higher outer clad temperatures.
The coolant saturation temperature inside the GSTR core is 113 ◦C. Based on the
saturation temperature and at an inlet temperature of 60 ◦C, the COMSOL single channel
Figure 4.4. Maximum fuel temperatures for the stainless steel-clad fuel elements as a function
of fuel element power predicted by the single channel models at an inlet temperature of 60 ◦C.
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Figure 4.5. Maximum outer clad temperatures for the stainless steel-clad fuel elements as a
function of fuel element power predicted by the single channel models at an inlet temperature
of 60 ◦C.
model predicts that voids would start to form at fuel element powers equal to or higher than
17.9 kW. At a 60 ◦C inlet temperature, the RELAP5/MOD3.3 and RELAP5-3D models
predict void formation at fuel element powers higher than 18.9 kW, while the TRACE
model predicts void formation at fuel element powers less than 8 kW. Figure 4.6 compares
the maximum local void fraction calculated by the RELAP5/MOD3.3, RELAP5-3D, and
TRACE models. At the GSTR normal operating power (1 MW) and 60 ◦C inlet temperature,
there is no void formation predicted by the RELAP5/MOD3.3, RELAP5-3D, and COMSOL
single channel models. The highest outer clad temperatures occur in the B-, and C-rings
(98.4 ◦C and 101.0 ◦C, respectively), and these temperatures do not exceed the saturation
temperature (113 ◦C).
Figure 4.7 shows the average outlet temperature predicted by the RELAP5/MOD3.3,
RELAP5-3D, and COMSOL single channel models as a function of power. The outlet
temperatures predicted by the RELAP5/MOD3.3, RELAP5-3D, and COMSOL single
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Figure 4.6. Local maximum void fraction predicted by the RELAP5/MOD3.3 and TRACE
single channel models.
Figure 4.7. Average outlet temperatures for the stainless steel-clad fuel elements as a function
of fuel element power predicted by the single channel models at an inlet temperature of 60 ◦C.
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channel models agree within ∼1.5 ◦C; however, the TRACE model predicts higher average
outlet temperatures by up to 20 ◦C. All of the single channel models have the same
temperature differences across the fuel, gap, and clad. Having the same temperature
differences inside the cladding indicates that the equations for the solid heat transfer in all of
the single channel models give approximately same solution. All of the single channel models
predict approximately the same temperature differences between the clad and coolant except
the TRACE model (Figure 4.8). This indicates the convection correlations in the TRACE
model may not be appropriate for natural convection problems.
4.3.3. Previous Multichannel Modeling Efforts
Previous thermal hydraulics analyses of TRIGA reactors have used multichannel models
to consider the flow paths of the water within the reactor core (Bousbia-Salah et al., 2006;
Marcum et al., 2010; Feltus et al., 1996; Marcum et al., 2012; Rahman et al., 2012; Miller,
1998). Reis et al., (2012) implemented a cross-flow model within RELAP5 to simulate
Figure 4.8. Temperature differences between the clad and coolant calculated for the stainless
steel-clad fuel elements as a function of fuel element power.
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water flow between adjacent axial channels in a TRIGA reactor core for 13 and 91 thermal
hydraulics channels. In the 13 thermal hydraulics channels model, all the core 63 fuel
elements were modeled separately and attached to 13 hydrodynamic channels, while 63 fuel
elements, control rods and graphite reflector elements were modeled separately and attached
to 91 hydrodynamic channels in the 91 thermal hydraulics channels model. The cross-flow
model simulated water flow between adjacent thermal hydraulics channels at different axial
levels using single junction components (Reis et al., 2012). In this model, the thermal
hydraulics channels in the A-, B-, and C-rings, which are the hottest regions in the reactor,
were connected at seven locations while other thermal hydraulics channels were connected
at three axial locations (Reis et al., 2012). The thermal hydraulics channels in the center of
the core were connected in more locations to account for the higher heat flux in this region
(Reis et al., 2012). Some of these thermal hydraulics channels did not have a heat structure
associated to them, such as A-ring position where the central thimble position is located
(Reis et al., 2012). The coolant temperatures predicted by the model without cross-flow
for a channel with heat structures were greater than the coolant temperatures predicted by
the model with cross-flow, while the coolant temperatures predicted by the model without
cross-flow for a channel without heat structures were smaller than those predicted by the
model with cross-flow because the channels in the models without cross-flow did not receive
heat from adjacent channels (Reis et al., 2012).
The predicted temperatures were compared to the collected reactor pool bulk temperature.
The pool temperature was assumed to be constant throughout the tank and the loses from
the pool were ignored (Reis et al., 2012). The 91 thermal hydraulic channel model had a
better agreement with the experimental data than the 13 thermal hydraulics channel model.
The differences between the models was on the order of 2 ◦C. For transient simulations, the
predicted mass flow rate oscillated due to the different directions in the cross-flow between
the adjacent connected thermal hydraulics at different axial levels (Reis et al., 2012). Due
to the mass flow oscillation with time, all temperatures were observed to oscillate. It was
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observed that the actual coolant flow was different from the predicted coolant as a result of
coolant inflow from the core sides (Reis et al., 2012).
The Oregon State University (OSU) group used RELAP5-3D to predict temperatures
from one-, two-, and eight-channel models as part of a safety analysis to convert the High
Enriched Uranium (HEU) fuel elements to Low Enriched Uranium (LEU) (Marcum, 2008).
The one-channel model developed for the reactor hot channel consisted of a coolant source,
a coolant sink, and a hot channel. The two-channel model was developed for a hot channel
and the core remaining fuel elements, which are attached to the second channel (Marcum
et al., 2009). The eight-channel model was developed for the A-ring, B-ring hot channel,
B-ring remaining fuel, and the C-, D-, E-, F-, and G-rings. There are no heat structures
in the A- and G-rings. The two-channel model incorporates the cross-flow at every axial
mesh cell, while the eight-channel model incorporates cross-flow between the A-ring, the
B-ring hot channel, and the remaining B-ring fuel elements. The models demonstrated
that as the number of channels increases, the change in axial temperature across the core
decreases. The changes in axial temperature across the core predicted by the one-, two-,
and eights-channel models were 41.8 ◦C, 40.0 ◦C, and 34.3 ◦C, respectively. The two- and
eight-channel models predicted higher mass flow rates. The two-channel model had a 7.52%
increase in the mass flow rate, while the eight-channel model had a 36.67% increase in the
mass flow rate compared to one-channel model (Marcum et al., 2010).
4.4. Model Descriptions
This section presents a detailed description of the RELAP5/MOD3.3 and three-
dimensional COMSOL multichannel models used in the present work.
4.4.1. Model Conditions
All of the models have the same inlet and outlet pressure boundary conditions, fuel
element axial and radial power profiles, and average core ring power profiles. The GSTR
core resides at the bottom of a 7.55 m high tank; therefore, there is significant hydrostatic
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pressure at the core inlets and exits. Table 4.2 shows the hydrostatic pressure inlet and outlet
boundary conditions calculated for inlet temperatures of 25 ◦C and 60 ◦C. The GSTR reactor
is cooled by natural convection; and, the pool temperature must not exceed the maximum
bulk pool temperature limit of 60 ◦C specified in the reactor’s Technical Specifications.
The axial and radial power profiles in the GSTR fuel elements are not uniform; therefore,
these power profiles (Figure 4.9) are incorporated within the models to correctly represent the
power generation in the GSTR fuel elements. The axial and radial power profiles presented
in Figure 4.9 were previously calculated using MCNP5 (Shugart and King, 2014). The fuel
element powers differ depending on the GSTR ring where the fuel element is located, the fuel
Table 4.2. Hydrostatic pressures and density boundary conditions used in the GSTR
models.
Input parameters 25 ◦C 60 ◦C
Density (kg/m3) 997 983.2
Inlet pressure (Pa) 167654.9 166720.8
Outlet pressure (Pa) 161289.9 160443
Figure 4.9. Fuel element radial and axial power distributions.
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element type, and the operating reactor power. Figure 4.10 shows the average fuel element
power in each GSTR ring at different reactor operating powers. Figure 4.11 shows the GSTR
core power profile predicted by MCNP5 at a reactor power of 915 kW. The power and axial
power profiles presented in Figures 4.9, 4.10, and 4.11 were estimated using MCNP5 (Shugart
and King, 2014).
Table 4.3 shows the coolant flow cross-sectional area for each GSTR ring. The flow







Acoolant = Atotal − Afuel = Atotal −Nπ (Rfuel)2 . (4.2)
In addition, all models incorporate the same U-ZrH fuel properties, including thermal
conductivity, heat capacity, and density based on the data published by General Atomics
(Table 4.4) (General Atomics Technologies, Inc., 1987; Simnad, 1981). The models
incorporate the openings in the top (Figure 4.12) and bottom (Figure 4.13) grid plates.
Figure 4.10. GSTR average fuel element power by ring and reactor power.
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Figure 4.11. Power profile of the GSTR core calculated by MCNP5.
Table 4.3. GSTR fuel ring dimensions.
ring inner ring outer number of total ring total fuel total flow
radius radius fuel elements area area area




B 1.91 5.97 6 100.51 65.70 34.81
C 5.97 9.96 12 199.86 131.39 68.47
D 9.96 13.93 18 297.82 197.09 100.73
E 13.93 17.90 24 397.15 262.79 134.36
F 17.90 21.87 30 496.42 328.48 167.93
G 21.87 26.42 36 688.99 394.18 294.81
Table 4.4. Fuel properties used in the GSTR models.
property value/equation
Density (kg/m3) 6549.6
Heat capacity (J/kg ◦C) 0.63T+312.36
Thermal conductivity (W/mK) 0.0075T+17.58
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Figure 4.12. GSTR top grid plate.
Figure 4.13. GSTR bottom grid plate.
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4.4.2. RELAP5/MOD3.3 Multichannel Model
This research builds a multichannel model for the full GSTR core using
RELAP5/MOD3.3, which has been extensively used by licensees for TRIGA reactor thermal
hydraulics analyses. Figure 4.14 shows the RELAP5/MOD3.3 multichannel model of the
GSTR. The length of the flow channel is 65.0 cm to accommodate the graphite plugs, top
fittings, and bottom fittings. The heat structure height is 38.1 cm for the stainless steel-clad
fuel elements and 35.6 cm for the aluminum-clad fuel elements. The heat structures are
two-dimensional components within the RELAP5/MOD3.3; therefore, the heat structures
are divided into 24 radial mesh divisions (Table 4.5) and 24 axial mesh divisions (Table 4.6),
for a total of 576 cells.
Figure 4.15 shows axial and radial mesh cells for the fuel elements in the
RELAP5/MOD3.3 multichannel model. The radial and axial power profiles are incorporated
Figure 4.14. Geometry of the RELAP5/MOD3.3 multichannel model of the GSTR.
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Table 4.5. Heat structure radial node
lengths.
length (cm)

























Table 4.6. Heat structure axial node
lengths.
length (cm)

























within the model to correctly represent the GSTR fuel elements, as the fuel element power
profiles are not uniform (Figure 4.9).
The heat structures that represent the fuel elements are connected to the pipe components
(coolant channels). There are six coolant channels, which represent the GSTR B-, C-, D-,
E-, F-, and G-rings. In this model, 6, 12, 18, 24, 30, and 36 heat structures are connected to
the B-, C-, D-, E-, F-, and G-rings coolant channels, respectively. The coolant channel are
divided into 24 connected axial volumes. These coolant channels represent the total coolant
flow cross-sectional area in each GSTR ring, as calculated in Table 4.3.
The coolant channels are connected with each other at every axial location to model the
coolant cross-flow between channels. For example, the B-ring coolant channel is connected
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Figure 4.15. Radial and axial mesh cells of the fuel element in the RELAP5/MOD3.3,
RELAP5-3D, and TRACE models.
to the C-ring coolant channel through a surface area that equals the cylinder lateral surface
area with a 5.97 cm radius (the outer radius of the B-ring) (Table 4.3) (see Figure 4.16).
This surface area is divided into 24 axial areas corresponding to the axial node height of
the respective heat structures and each node axial surface area is incorporated within the
surface area boundary conditions of the single junction components to simulate the cross-flow
between adjacent thermal hydraulics channels. Similar connections are implemented for all
of the adjacent thermal hydraulics channels. Table 4.7 shows the calculated cross-flow surface
areas for the axial nodes incorporated in the RELAP5/MOD3.3 multichannel model for all
of the coolant channels.
The inlet and outlet opening areas in the top and bottom grid plates are precisely
calculated and incorporated in the RELAP5/MOD3.3 multichannel model of the GSTR.
Figure 4.15 shows the openings in the top grid plate. The areas of the openings in the top
and bottom grid plates located between the inner and outer radius of each GSTR ring are
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Figure 4.16. Edges between the GSTR rings and the top grid plate outlets.
calculated and apportioned as inlet and outlet boundary conditions for the coolant source
and coolant sink components in each ring in the RELAP5/MOD3.3 multichannel model
(see Table 4.8). These calculated areas represent that coolant enters and leaves the coolant
channel through opening areas equal to the calculated inlet and outlet opening areas for each
coolant channel.
4.4.3. Three-Dimensional COMSOL Multichannel Model
COMSOL Multiphysics has the capability to model fluid heat transfer in one-, two-,
and three-dimensional spaces. The three-dimensional COMSOL multichannel model uses
the same inlet and outlet pressure boundary conditions, material properties, axial domain
pressures, and the axial and radial power profiles as the RELAP5/MOD3.3 multichannel
model (Figure 4.9 and Table 4.2). Figure 4.17 shows the three-dimensional COMSOL
multichannel model of the GSTR. The COMSOL model of the GSTR represents the domain
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Table 4.7. Coolant channel axial nodes cross-flow surface areas
areas (cm2)
node height (cm) B-ring C-ring D-ring E-ring F-ring G-ring
1 2.13 80 133 186 239 292 353
2 13.23 498 831 1162 1493 1824 2203
3 1.9 71 119 167 214 262 316
4 1.9 71 119 167 214 262 316
5 1.9 71 119 167 214 262 316
6 1.9 71 119 167 214 262 316
7 1.9 71 119 167 214 262 316
8 1.9 71 119 167 214 262 316
9 1.9 71 119 167 214 262 316
10 1.9 71 119 167 214 262 316
11 1.9 71 119 167 214 262 316
12 1.9 71 119 167 214 262 316
13 1.9 71 119 167 214 262 316
14 1.9 71 119 167 214 262 316
15 1.9 71 119 167 214 262 316
16 1.9 71 119 167 214 262 316
17 1.9 71 119 167 214 262 316
18 1.9 71 119 167 214 262 316
19 1.9 71 119 167 214 262 316
20 1.9 71 119 167 214 262 316
21 1.9 71 119 167 214 262 316
22 1.9 71 119 167 214 262 316
23 13.23 498 831 1162 1493 1824 2203
24 2.13 80 133 186 239 292 353
Table 4.8. GSTR rings inlet and outlet areas.







inside the GSTR core above the bottom grid plate, below top grid plate, and within the
graphite reflector as shown in Figure 4.18.
Three-dimensional thermal hydraulics models in COMSOL are computationally
demanding and full core models of the GSTR core fail to converge with reasonable running
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Figure 4.17. Side, top, and bottom views of the three-dimensional COMSOL multichannel
model.
Figure 4.18. Side view of the GSTR modeled water domain.
103
times; therefore, one-sixth of the GSTR core domain model is selected to reduce the required
solution time. The chosen one-sixth of the GSTR core (Figure 4.17) avoids cutting the hottest
rods in the B- and C-rings to reduce corner hot spots in the model, as the GSTR has 6 and
12 fuel elements in B- and C-rings, respectively.
To further improve the running time of the three-dimensional COMSOL multichannel
model, the gap layer is omitted, as it is a very thin layer, requiring a high number of mesh
cells that cannot be solved easily. The gap and clad layers are substituted by an effective
material to reduce the required number of mesh cells (Figure 4.19). The effective thermal
conductivity of the composite (gap and clad) is obtained as a function of the gap and clad








The heat flux rate going through the homogenous material with an effective thermal
conductivity equals to the heat flux going through the gap and clad layers (Nellis and Klein,
2009):
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The effective density is defined so that the homogenous material with effective density
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(tg + tc)
L Ac ρc. (4.7)
The total mass of the homogenous material with density is equal to:
M = L Aeff ρeff . (4.8)








The effective heat capacity is calculated so that the homogenous material with an effective
heat capacity has same total heat capacity as the composite gap and clad. The total heat




L Ag ρg Cg +
tc
(tg + tc)
L Ac ρc Cc. (4.10)
The total heat capacity of the homogenous material is equal to (Nellis and Klein, 2009):
C = L Aeff ρeff Ceff . (4.11)
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Setting Equation (4.10) equal to Equation (4.11) and solving for effective heat capacity
leads to (Nellis and Klein, 2009):
Ceff =
tg ρg
(tg + tc) ρeff
Cg +
tc ρc
(tg + tc) ρeff
Cc. (4.12)
The effective heat capacity, density, and thermal conductivity values for the effective
material lead to accurate predictions of the coolant and fuel temperatures; however, the
resulting model does not predict the inner clad temperature correctly, as the cladding
temperature drops linearly in the effective material domain ignoring he sharp temperature
change across the gap. The composite model accurately predicts the outer clad temperatures,
as the outer clad temperature is primarily controlled by the heat transfer from the clad to
the water, which is not impacted by the effective material.
Given the layout of the fuel elements in the GSTR, it is impossible to avoid having
partial fuel elements in the model. As shown in Figure 4.17, dividing the core into equal
1/6 segments results in partial fuel elements in D-, E-, and F-rings. The one-sixth model of
the GSTR water domain incorporates the complex bottom grid plate complex inlets and top
grid plate outlets by specifying surface boundary conditions on the bottom and top faces of
the models (see Figure 4.17). As the diameter of the GSTR bottom grid plate (49.7 cm) is
smaller than the inner diameter of the reflector (54.1 cm), there is a large opening at the
bottom of the core between the bottom grid plate and the aluminum casing of the reflector
(see Figure 4.17). The openings in the top and bottom grid plates and the large opening
at the bottom of the core are incorporated as inlet and outlet boundary conditions in the
COMSOL model. The COMSOL multichannel model has 21 fuel elements and height of 65.0
cm. The outer radius of the model is 26.7 cm, which incorporates the water domain within
the GSTR core.
The COMSOL multichannel model is meshed with sufficient detail to capture the key
details of the coolant domain and to provide consistent solutions. Mesh corner refinement
is added at all the corners of the models. A boundary layer mesh is implemented at all of
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the inlets and outlets. COMSOL uses boundary layer meshes to solve fluid flow and heat
transfer problems on thin boundary layers, such as the inlet and outlet openings.
4.5. Multichannel Model Results
The multichannel models predict the maximum fuel, maximum outer clad, average coolant
outlet, and axial coolant temperatures at different inlet temperatures, and in different
core rings. Figure 4.20 displays the temperatures predicted by the RELAP5/MOD3.3
multichannel model for each GSTR ring at 1 MW of reactor power and an inlet temperatures
of 25 ◦C and 60 ◦C for the stainless steel-clad fuel elements in the B-, C-, D-, and E-rings
and the aluminum-clad fuel elements in the F-, and G-rings. There are stainless steel-clad
and aluminum-clad fuel elements in the G-ring. The temperatures of aluminum-clad fuel
elements are shown in Figure 4.20, as the average fuel element power of the aluminum-clad
fuel elements in the G-ring is higher than the stainless steel-clad fuel elements (Shugart and
King, 2014). Figure 4.20 shows that the effect of the inlet temperature is largely linear,
Figure 4.20. Predicted temperatures by the RELAP5/MOD3.3 multichannel model in each
GSTR fuel ring at 1 MW of reactor power and an inlet temperatures of 25 ◦C and 60 ◦C.
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resulting in a consistent ∼35 ◦C increase in all temperatures when the inlet temperature is
increased from 25 ◦C to 60 ◦C; therefore, the remainder of this section presents the predicted
temperatures at a reactor power of 1 MW and an inlet temperature of 60 ◦C.
4.5.1. Maximum Fuel Temperature
Figure 4.21 shows the maximum fuel temperature predicted by the RELAP5/MOD3.3
single channel, RELAP5/MOD3.3 multichannel, COMSOL single channel, and COMSOL
multichannel models for the stainless steel-clad fuel elements in the B-, C-, D-, and E-rings
and aluminum-clad fuel elements in the F-, and G-rings at 1 MW of reactor power and
an inlet temperature of 60 ◦C. The maximum fuel temperatures are calculated based on the
average fuel element power in each ring (Figure 4.10). In all models, the predicted maximum
fuel temperatures increase from the G-ring to C-ring. Then, the predicted maximum fuel
temperatures decrease from the C-ring to the B-ring. As the average power generated by
Figure 4.21. Maximum fuel temperatures predicted by the RELAP5/MOD3.3 and COMSOL
single and multichannel models in each ring at 1 MW of reactor power and an inlet
temperature of 60 ◦C.
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the C-ring fuel elements (12.1 kW/fuel element) is higher than B-ring fuel elements (11.2
kW/fuel element), all of the models predict that the maximum fuel temperatures in the
C-ring are higher than B-ring.
The differences in the maximum fuel temperatures predicted by the RELAP5/MOD3.3
single channel, RELAP5/MOD3.3 multichannel, COMSOL single channel, and COMSOL
multichannel models are less than 16.7 ◦C. The COMSOL multichannel model predicts
the lowest maximum fuel temperatures. The greatest difference between the maximum
fuel temperatures predicted by the COMSOL and RELAP5/MOD3.3 multichannel models
is 10.2 ◦C. The maximum fuel temperatures predicted by the COMSOL single channel
model differ from the maximum fuel temperatures predicted by the COMSOL multichannel
model by up to 16.7 ◦C. In addition, the maximum difference between the maximum fuel
temperatures predicted by the RELAP5/MOD3.3 single channel and COMSOL multichannel
models is 12.2 ◦C. The single channel models predict the highest maximum fuel temperatures.
The differences in the maximum fuel temperatures predicted by the RELAP5/MOD3.3 and
COMSOL single channel models are less than 4.8 ◦C. The maximum fuel temperatures
predicted by the multichannel models are lower than single channel models, as the
multichannel models predict lower coolant temperatures. The coolant temperature differences
between the single and multichannel models result from the different mass flow rates and
flow directions predicted by these models (more details are provided in Sections 4.5.4 and
4.5.5).
4.5.2. Maximum Outer Clad Temperature
Figure 4.22 displays the coolant temperature at the clad surface calculated by the
RELAP5/MOD3.3 single channel, RELAP5/MOD3.3 multichannel, COMSOL single channel,
and COMSOL multichannel models for each GSTR ring at 1 MW of reactor power and an
inlet temperature of 60 ◦C for the stainless steel-clad fuel elements in the B-, C-, D-, and
E-rings and the aluminum-clad fuel elements in the F-, and G-rings. Similar to predicted fuel
temperatures, the predicted maximum outer clad temperatures increase from the G-ring to
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Figure 4.22. Maximum outer clad temperatures predicted by the RELAP5/MOD3.3 and
COMSOL single and multichannel models in each ring at 1 MW of reactor power and an
inlet temperature of 60 ◦C.
C-ring. Then, the predicted outer clad temperatures decrease from the C-ring to the B-ring,
as the C-ring fuel elements have higher average powers. The highest outer clad temperatures
are predicted in the B- and C-rings as these rings have the highest average powers.
As shown in Figure 4.22, the coolant temperatures at the clad surface predicted by the
RELAP5/MOD3.3 and COMSOL multichannel models are lower than the coolant
temperatures at the clad surface predicted by the RELAP5/MOD3.3 and COMSOL single
channel models by up to 4.8 ◦C. The maximum difference in the maximum outer clad
temperatures predicted by the COMSOL and RELAP5/MOD3.3 multichannel models is
3.4 ◦C. The maximum outer clad temperatures predicted by the COMSOL single channel
model differ from the maximum outer clad temperatures predicted by the COMSOL
multichannel model by up to 3.8 ◦C. The greatest difference between the maximum outer clad
temperatures predicted by the RELAP5/MOD3.3 single channel and COMSOL multichannel
models is 4.8 ◦C. The COMSOL multichannel model predicts the lowest outer clad fuel
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temperatures, while the single channel models predict the highest maximum outer clad
temperatures. The differences in the maximum outer clad temperatures predicted by the
RELAP5/MOD3.3 and COMSOL single channel models are less than 0.8 ◦C. The maximum
outer clad temperatures predicted by the multichannel models are lower than single channel
models due to the lower coolant temperatures predicted by multichannel models. The coolant
temperature differences between the multichannel and single channel models result from
the different mass flow rates and flow directions predicted by these models, which will be
presented in Sections 4.5.4 and 4.5.5.
Figure 4.23 presents the GSTR core pressure and coolant saturation temperature as a
function of the core height. The saturation temperature of the water inside the GSTR
core is greater than 113 ◦C. Voids will start to form within the coolant channels when the
outer clad temperature exceeds the saturation temperature, corresponding to the onset of
incipient boiling (Todreas and Kazimi, 2011). Based on the saturation temperature of the
Figure 4.23. Hydrostatic pressure and water saturation temperature as a function of core
height.
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coolant, the COMSOL multichannel model predicts that there is no void formation within
the coolant channels at the normal GSTR operating power (1 MW) with an inlet of 60 ◦C.
The COMSOL models lack two-phase physics; however, the temperature predictions of the
COMSOL models are conservative, as convective heat transfer initial increases with the onset
of incipient boiling (Todreas and Kazimi, 2011). The highest outer clad temperatures occur
in the B-, and C-rings, and these temperatures do not exceed the saturation temperature
(>113 ◦C). In addition, there is no void formation predicted by the RELAP5/MOD3.3
multichannel model at the normal GSTR operating power (1 MW) with an inlet of 60 ◦C.
4.5.3. Average Outlet Temperature
Figure 4.24 shows the outlet temperatures predicted by the RELAP5/MOD3.3 and
COMSOL single and multichannel models for each GSTR ring at 1 MW of reactor power
and an inlet temperature of 60 ◦C for the stainless steel-clad fuel elements in the B-, C-,
D-, and E-rings and the aluminum-clad fuel elements in the F-, and G-rings. In the
RELAP5/MOD3.3 single channel, COMSOL single channel, and RELAP5/MOD3.3
multichannel models, the predicted outlet temperatures increases from the G-ring to C-ring.
Then, the predicted outlet temperatures decreases from the C-ring to the B-ring as more
power is generated in the C-ring than in the B-ring. In the COMSOL multichannel model,
the predicted outlet temperatures increase from the G-ring to B-ring with highest outlet
temperature in the B-ring. The outlet temperatures predicted by the RELAP5/MOD3.3
multichannel model in the B-, C-, and D-rings are lower than the outlet temperatures
predicted by the COMSOL multichannel model, while the outlet temperatures predicted
by the RELAP5/MOD3.3 multichannel model in the E-, F-, and G-rings are higher than
outlet temperatures predicted by the COMSOL multichannel model temperatures. The
single channel models predict higher outlet temperatures than the RELAP5/MOD3.3 and
COMSOL multichannel models (Figure 4.24).
The maximum difference between the average outlet temperatures predicted by the
COMSOL and RELAP5/MOD3.3 multichannel models is 3.0 ◦C. The average outlet
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Figure 4.24. Outlet temperatures predicted by the RELAP5/MOD3.3 and COMSOL single
and multichannel models in each ring at 1 MW of reactor power and an inlet temperature
of 60 ◦C.
temperatures predicted by the COMSOL single channel model differ from the average outlet
temperatures predicted by the COMSOL multichannel model by up to 9.6 ◦C. The greatest
difference between the average outlet temperatures predicted by the RELAP5/MOD3.3
single channel and COMSOL multichannel models is 9.4 ◦C. The differences in the average
outlet temperatures predicted by the RELAP5/MOD3.3 and COMSOL single channel models
are less than 1.7 ◦C. The outlet temperature differences between the models result from
the different mass flow rates and flow directions predicted by these models, which will be
discussed in more detail in Sections 4.5.4 and 4.5.5.
4.5.4. Axial Coolant Temperature
As discussed in Section 4.3.2, the coolant temperatures predicted by the
RELAP5/MOD3.3 and COMSOL single channel models are approximately equal; therefore,
this section presents the axial coolant temperatures predicted by the RELAP5/MOD3.3
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single channel model. Figures 4.25 and 4.26 show the axial coolant temperatures predicted
by the RELAP5/MOD3.3 single and multichannel models, respectively, for each GSTR ring
at 1 MW of reactor power and an inlet temperature of 60 ◦C for the stainless steel-clad fuel
elements in the B-, C-, D-, and E-rings and the aluminum-clad fuel elements in the F-, and
G-rings. As shown in Figures 4.25 and 4.26, the average coolant temperature in each of the
GSTR rings rises axially with core height. The RELAP5/MOD3.3 single and multichannel
models predict that the highest coolant temperatures within the GSTR core are located in
the B- and C-rings. This is expected, as these rings have the highest heat generated by
the fuel elements, as predicted by an MCNP5 model of the core (11.2 and 12.1 kW/fuel
element in the B- and C-rings, respectively). The highest coolant temperatures in the core
predicted by the RELAP5/MOD3.3 single and multichannel models are 80.4 ◦C and 73.2 ◦C,
respectively, and occur in the C-ring.
Figure 4.25. Coolant bulk temperature predicted by the RELAP5/MOD3.3 single channel
model in each GSTR fuel ring at 1 MW of reactor power and an inlet temperature of 60 ◦C.
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Figure 4.26. Coolant bulk temperature predicted by the RELAP5/MOD3.3 multichannel
model in each GSTR fuel ring at 1 MW of reactor power and an inlet temperature of 60 ◦C.
Figure 4.27 show the axial coolant temperatures predicted by the COMSOL multichannel
model for each GSTR ring at 1 MW of reactor power and an inlet temperature of 60 ◦C for the
stainless steel-clad fuel elements in the B-, C-, D-, and E-rings and the aluminum-clad fuel
elements in the F-, and G-rings. The COMSOL multichannel model shows that the highest
coolant bulk temperature are located in the B-ring, even though the peak fuel element power
occurs in the C-ring. The coolant bulk temperature predicted by the three-dimensional
COMSOL multichannel model varies across the core due to the power density variations. In
the COMSOL multichannel model, the coolant temperature rises with core height in the B-,
C-, and D-rings, as the coolant tends to flow axially in these rings. In addition, the coolant
temperature peaks and then decreases in the E-, F-, and G-rings, as the coolant tends to flow
from the inlets at the bottom sides of the core to the center of the GSTR core passing from
the coolant channels in the E-, F-, and G-rings to the coolant channels in the B-, C-, and
D-rings (more details in Section 4.5.5). Therefore, heat produced from these fuel elements
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Figure 4.27. Coolant bulk temperature predicted by the COMSOL multichannel model in
each GSTR fuel ring at 1 MW of reactor power and an inlet temperature of 60 ◦C.
is moved to the center of the core as the coolant passes from the outer to the inner rings,
which leads to the highest temperature in the B-ring. The axial coolant temperature profiles
in each ring depend on the coolant flow patterns at each ring.
The coolant temperatures predicted by the multichannel models are lower than
temperatures predicted by the single channel models, as the multichannel models predict
different flow patterns and higher mass flow rates. In addition, the multichannel models were
developed using different inlet and outlet areas, which may affect the mass flow rate predicted
by the multichannel models. More details about the coolant flow and the differences between
the single and multichannel models will be discussed in detail in the following section.
4.5.5. Coolant Flow
This section discusses the coolant flow predicted by the RELAP5/MOD3.3 single channel,
RELAP5/MOD3.3 multichannel, COMSOL single channel, and COMSOL multichannel
models. This section, in addition, presents the mass flow rate and coolant cross-flows
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predicted by these models.
4.5.5.1. Single Channel Models
In the RELAP5/MOD3.3 and COMSOL single channel models, coolant tends to flow from
the bottom of the core to the top of the core as a result of natural convection driven by heat
produced by the surrounding fuel element, with no interaction with the adjacent channels, as
shown in Figure 4.28. Figure 4.28 shows the coolant flow predicted by the three-dimensional
COMSOL single channel model in the x-y and y-z planes. In addition, the single channel
models assume that the inlets and outlets areas are equal to the cross-sectional area. This
assumption is inaccurate since the inlet and outlet areas depend on the top and bottom grid
plate openings. Table 4.9 shows the inlet and outlet areas for each ring that incorporated in
the single channel models.
Figure 4.28. Two-dimensional coolant flow predicted by the three-dimensional COMSOL
single channel model in the x-y and y-z planes.
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The coolant channel in the single channel models is isolated from the adjacent coolant
channels. The coolant in these models does not flow to or from the adjacent channels, which
limits the coolant flow in the core. In reality, the channels within the core are connected to
each other, so coolant can flow to adjacent channels depending on the coolant driving force
(buoyancy) due to the fuel axial and core radial power variations. The coolant driving force
in the single channel model results from the heat produced by the fuel element incorporated
in the model and the heat produced by the adjacent fuel elements do not contribute to this
driving force, which may limit the flow rate and flow directions in the single channel models.
For example, there is no contribution from the driving forces in the B-, C-, and D-rings
(rings with highest fuel element power density) to the flow in the other channels.
4.5.5.2. Multichannel Models
The RELAP5/MOD3.3 and COMSOL multichannel models simulate the coolant
cross-flows between adjacent thermal hydraulics channels depending on the density and
heat variations between these channels. In the multichannel models, the coolant cross-flows
between the channels are due to the fuel axial and core radial power variations, which
leads to variations in the coolant density and driving forces (buoyancy forces) under natural
convection conditions. The coolant is forced to flow to the channels with lower densities.
As the channels are connected to each other, the driving forces in one of the channels can
impact the flow in the adjacent channels.
Figure 4.29 shows the coolant densities predicted by the three-dimensional COMSOL
multichannel model in the x-y plane at 10 and 60 cm from the core bottom. At 10 cm from
Table 4.9. Inlet and outlet areas incorporated in the single channel models.
ring channel flow area (cm2) inlet area (cm2) outlet area (cm2)
B 5.80 5.80 5.80
C 5.71 5.71 5.71
D 5.60 5.60 5.60
E 5.60 5.60 5.60
F 5.60 5.60 5.60
G 8.19 8.19 8.19
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the bottom grid plate, the water density is approximately same across the reactor. At 60
cm from the bottom grid plate, the water density varies by up to ∼12 kg/m3 across the core
with lower densities in the center of the core and higher densities in the outer rings. The
lower densities in the center of core result from the higher power densities in this region. The
differences in coolant densities force water to flow towards the center of the core and drive
more water to enter the core through the large opening between the bottom grid plate and
the aluminum casing of the reflector. Most of the coolant that enters the core through this
large opening flows to the center of the core due to the higher coolant driving forces in the
B-, C-, and D-rings coolant channels. In addition, the flow increases above the core center
due to the large buoyancy force as a result of the fuel axial power profile. The buoyancy force
is concentrated in the hottest channels located in the B- and C-rings, as the fuel elements in
these rings have the highest power density.
The inlet and outlet areas incorporated in the multichannel models are not the same
as the single channel models (Table 4.10). As discussed earlier, the inlet and outlet areas
incorporated in the single channel models are the same as the flow cross-sectional area, which
Figure 4.29. Two-dimensional coolant density predicted by the three-dimensional COMSOL
multichannel model in the x-y plane at 10 cm and 60 cm from the core inlet.
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is not accurate. As shown in Table 4.10, the inlets areas incorporated in the multichannel
models are not the same in all of the rings (See Figure 4.13). The inlet areas in the single
channel models are approximately the same in the B-, C-, D-, E-, and F-rings (Table 4.9),
which is inaccurate when considering the inlet openings in the bottom grid plate. The inlet
openings in the bottom grid plate are concentrated in the B-, C-, and D-rings. As discussed
in Section 4.4.3, the largest inlet area is located in the region between the bottom grid plate
and the aluminum casing of the reflector near the G-ring. In the multichannel models, the
inlets areas are smaller than flow cross-sectional areas, while the outlet areas are higher than
the flow cross-sectional areas.
Figure 4.30 shows the predicted average mass flow rate predicted by the
RELAP5/MOD3.3 single channel, RELAP5/MOD3.3 multichannel, COMSOL single
channel, and COMSOL multichannel models in each ring of the GSTR. The fuel, clad, and
coolant temperatures predicted by the multichannel models are lower than temperatures
predicted by the single channel models due to the higher mass flow rate and flow patterns
within the core (as discussed in Sections 4.5.1, 4.5.2, 4.5.3, and 4.5.4). As discussed earlier,
the single channel models predict lower mass flow rates as a result of the absence of cross-flow
between the adjacent channels and the different inlet and outlet areas in these models.
Simulating the coolant cross-flow in the RELAP5/MOD3.3 multichannel model decreases
the predicted coolant temperatures in the coolant channel with the highest generated power
(C-ring) and increases the coolant temperatures in the adjacent channels, as cross-flow takes
the heat from the hottest channel to the adjacent channels. The coolant temperatures
Table 4.10. Inlet and outlet areas incorporated in the multichannel models.
ring inlet area (cm2) outlet area (cm2) flow area (cm2)
B 23.22 53.42 34.81
C 61.87 103.48 68.47
D 70.96 160.90 100.73
E 19.45 215.87 134.36
F 3.09 262.37 167.93
G 313.48 316.96 194.81
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Figure 4.30. Average mass flow rate for each ring predicted by the single channel models
and by the RELAP5/MOD3.3 and three-dimensional COMSOL multichannel models.
predicted by the RELAP5/MOD3.3 model for a channel without cross-flow are greater
than the coolant temperatures predicted for a channel with cross-flow. For example, the
temperature difference between the C- and B-ring outlet temperatures predicted by the
RELAP5/MOD3.3 single channel model with an inlet temperature of 60 ◦C is 1.6 ◦C, while
the temperature difference between the C- and B-rings outlet temperatures predicted by the
RELAP5/MOD3.3 multichannel model is 0.4 ◦C. Furthermore, the temperature difference
between the C- and D-rings outlet temperatures predicted by the RELAP5/MOD3.3 single
channel model with an inlet temperature of 60 ◦C is 2.7 ◦C, while the temperature difference
between the C- and D-rings outlet temperatures predicted by the RELAP5/MOD3.3
multichannel model is 2.3 ◦C. In the RELAP5/MOD3.3 multichannel model, coolant
cross-flow takes the heat from the hotter coolant channel to the cooler adjacent coolant
channels.
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Figure 4.31 shows the cross-flow between the coolant channels volumes in the
RELAP5/MOD3.3 multichannel model. The direction of the flow between the coolant
channel volumes can take arbitrary directions depending on the local coolant driving forces.
In this model, the coolant cross-flow is transferring some heat to coolant channels in adjacent
rings, but this transfer is not sufficient to move significant amounts of heat to the adjacent
thermal hydraulics channels. The cross-flow direction is limited to the volumes that are
adjacent to each other, which limits the flow directions predicted by the RELAP5/MOD3.3
multichannel model. As discussed in Section 4.5.4, the RELAP5/MOD3.3 multichannel
model predicts that coolant temperatures increase axially in all rings, as the low coolant
cross-flow between adjacent rings is not sufficient to result in axial temperature peaks in the
E-, F-, and G-rings.
Figure 4.31. Predicted cross-flow directions between the coolant channels in the
RELAP5/MOD3.3 multichannel model.
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Figure 4.32 shows the two-dimensional coolant flows predicted by the three-dimensional
COMSOL multichannel model at 10.0 cm and 45.0 cm from the core inlet. The water enters
the core through the bottom grid plates, particularly from the large opening between the
reflector and bottom grid plate (Section 4.4.3). At 10.0 cm from the bottom grid plate, most
of the coolant entering through the large opening tends to flow towards the core center
(Figure 4.32a). The arrows sizes in Figure 4.32 are proportional to the water velocity
magnitude in the x-y plane; therefore, the highest velocity magnitude is concentrated in
the G-ring, since most of the water enters the core through the large opening at the edge of
that ring. At 45.0 cm from the bottom grid plate, most of the water in the E- and F-rings
moves towards the core center and the velocity magnitude of water that moves towards the
core is lower at this height than at inlet (10.0 cm) (Figure 4.32b). The velocity magnitude
of water that moves towards the core center decreases as a function of core height with the
highest magnitudes at the bottom of the core and the lowest magnitudes at top of the core.
In the COMSOL multichannel model, the cross-flow is not limited to adjacent volumes as
Figure 4.32. Two-dimensional coolant flows predicted by the three-dimensional COMSOL
multichannel model in the x-y plane at 10 cm and 45 cm from the core inlet.
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in the RELAP5/MOD3.3 multichannel model. Coolant can flow in any direction, as the
water domain in this model is developed in three-dimensional space, which leads to more
cross-flow between the adjacent channels than in the RELAP5/MOD3.3 multichannel model.
The higher cross-flow in the COMSOL multichannel model results in the axial peaks in the
E-, F-, and G-rings (Section 4.5.4).
Figure 4.33 shows the two-dimensional coolant flows from the inlets in the bottom grid
plate to outlets in the top grid plate. The sizes of the arrows in this figure are proportional
to the velocity magnitudes in y-z plane. As shown by the large arrows in Figure 4.33, most
of the coolant enters the core through the large opening between the bottom grid plate
and the reflector. After the coolant enters the core through the large opening, it tends to
flow towards the core center, as more heat is generated in the core center. As the coolant
moves towards the center, most of the coolant leaves the core through the B-, C-, and D-ring
Figure 4.33. Two-dimensional coolant flows predicted by the three-dimensional COMSOL
multichannel model in the y-z plane.
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outlets. Coolant tends to flow axially in B-, C-, and D-rings and in the region between the
G-ring and the reflector. As the coolant enters through the large opening located between
G-ring fuel elements and reflector, the coolant tends to flow axially in the region between
G-ring and reflector and the velocity magnitudes in this region decreases as a function of
core height (see Figure 4.33). Finally, the coolant tends to flow towards the core center from
E-, F-, and G-rings.
4.6. Summary and Conclusions
Multichannel models are developed for the Geological Survey TRIGA Reactor (GSTR)
core using the RELAP5/MOD3.3 and COMSOL Multiphysics codes to study the impact of
coolant cross-flow on the fuel, clad, and coolant temperatures in each of the fuel rings of
the GSTR. The multichannel models represent the complex flow patterns that exist within
the core, while single channel thermal hydraulics models do not account for these fluid
flow patterns. The RELAP5/MOD3.3 and COMSOL multichannel models incorporate the
complex inlets and outlets in the top and bottom grid plates to study the effects of these
openings have on the coolant cross-flow.
The RELAP5/MOD3.3 multichannel model consists of six coolant channels, representing
all the GSTR fuel rings. The three-dimensional COMSOL multichannel model represents
one-sixth of the GSTR core domain. The COMSOL multichannel model predicts the lowest
maximum fuel and outer clad temperatures. The maximum fuel temperatures predicted by
RELAP5/MOD3.3 multichannel, RELAP5/MOD3.3 single channel, and COMSOL single
channel models are higher than the maximum fuel temperatures predicted by the COMSOL
multichannel model by up to 10.2 ◦C, 12.2 ◦C, and 16.7 ◦C, respectively. In addition, the
maximum outer clad temperatures predicted by RELAP5/MOD3.3 multichannel,
RELAP5/MOD3.3 single channel, and COMSOL single channel models are higher than the
maximum outer clad temperatures predicted by the COMSOL multichannel model by up to
3.4 ◦C, 4.8 ◦C, and 3.8 ◦C, respectively. As the average power generated by the C-ring fuel
elements (12.1 kW/fuel element) is higher than B-ring fuel elements (11.2 kW/fuel element),
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all of the models predict that the maximum fuel and outer clad temperatures in the C-ring
are higher than B-ring.
Based on the saturation temperature of the coolant (113 ◦C), the COMSOL multichannel
model predicts that there is no void formation within the coolant channels at the normal
GSTR operating power (1 MW) with an inlet of 60 ◦C. The COMSOL multichannel model
lack two-phase physics; however, the temperature predictions of the COMSOL model are
conservative, as convective heat transfer initial increases with the onset of incipient boiling.
In addition, there is no void formation predicted by the RELAP5/MOD3.3 multichannel
model at the normal GSTR operating power (1 MW) with an inlet of 60 ◦C.
The RELAP5/MOD3.3 multichannel model shows that the average coolant temperature
in each of the GSTR rings rises axially with core height with the highest coolant temperatures
located in the B- and C-rings. As the average power generated by the C-ring fuel elements
(12.1 kW/fuel element) is higher than B-ring fuel elements (11.2 kW/fuel element), the
RELAP5/MOD3.3 multichannel model predicts that the coolant temperatures in the C-ring
are higher than B-ring.
In contrast, the COMSOL multichannel model predicts that the coolant bulk temperature
reaches a maximum in the B-ring due to the coolant flow patterns within the core, even
though the peak fuel element power occurs in the C-ring. The three-dimensional COMSOL
multichannel model predicts that the GSTR coolant tends to flow from the bottom sides of
the core to the core center passing from the coolant channels in the E-, F-, and G-rings to
the coolant channels in the B-, C-, and D-rings. Therefore, heat produced from these fuel
elements moves to the center of the core as the coolant passes from the outer to the inner
rings, which leads to the highest coolant temperature occurring in the B-ring. These coolant
flow patterns cause the coolant temperature to peak and then decrease in the E-, F-, and
G-rings as a function of core height. The coolant temperature rises with core height in the
B-, C-, and D-rings, as coolant tends to flow axially in these rings. Compared to the single
channel models, the RELAP5/MOD3.3 and COMSOL multichannel models predict higher
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total mass flow rates, which decrease the differences between the coolant inlet and outlet
temperatures.
The fuel, clad, and coolant temperatures predicted by the multichannel models are lower
than single channel models as a result of the higher mass flow rate and flow patterns within
the core. The flow rate and flow directions in the single channel models are limited, as these
models do not consider the contributions of the heat produced by the adjacent fuel elements
on the coolant driving forces. In the multichannel models, the maximum coolant driving
forces are located in the center of the core, as this region has the highest power density,
which forces water to flow towards the center of the core and drives more water to enter
the core through the large opening between the bottom grid plate and the aluminum casing
of the reflector. The single channel models predict lower mass flow rates as a result of the
absence of cross-flow between the adjacent channels and the different inlet and outlet areas
in these models.
There are significant differences in the predicted coolant outlet temperatures and the axial
temperature profiles between the RELAP5/MOD3.3 and COMSOL single and multichannel
models particularly in the E-, F-, and G-rings; therefore, experimental data is needed to
determine which model most accurately predicts the outlet and axial temperatures.
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CHAPTER 5
COMPARISON OF EXPERIMENTAL DATA TO RELAP5/MOD3.3 AND COMSOL
MULTIPHYSICS MODELS OF A TRIGA REACTOR
Paper to be submitted to Nuclear Engineering and Design
Ahmed K. Alkaabi∗,1, Jeffrey C. King†,1
5.1. Abstract
Previous papers developed single and multichannel thermal hydraulics models of the
Geological Survey TRIGA Reactor (GSTR) using RELAP5/MOD3.3 and COMSOL
Multiphysics. Two experiments were conducted at the GSTR to validate the models and
reconcile the differences in the model results. The experiments measured the coolant outlet
temperatures from each fuel ring and the coolant temperatures in the GSTR core, at five
vertical positions in multiple flux monitor hole positions. The measured outlet temperatures
decrease from the B-ring to G-ring. The COMSOL multichannel model is the only model
that predicts this outlet temperature profile, while the other models predict the highest
outlet temperature at the C-ring outlet. The measured axial temperatures at three holes
(between the B- and F-rings) in the top grid plate increase as a function of core height, while
the measured axial temperature profiles peak then decrease as a function of core height
at two holes (between the F-ring and the reflector). The COMSOL multichannel model
accurately predicts the axial temperature profiles in all holes, while the axial temperature
profiles predicted by other models increase as a function of core height in all holes. The
RELAP5/MOD3.3 single and multichannel models were adjusted to better predict the
coolant outlet and axial temperatures. The adjusted RELAP5/MOD3.3 models predict
∗Primary author. †corresponding author: kingjc@mines.edu.
1Nuclear Science and Engineering Program, Department of Metallurgical and Materials Engineering,
Colorado School of Mines, 1500 Illinois Street, Golden, Colorado 80401, USA.
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outlet temperatures within the measured outlet temperatures uncertainty range, but these
models fail to predict accurate axial temperatures profiles at the two holes between the
E-ring and the reflector.
NOMENCLATURE
English
Achannel single channel average area (cm
2)
Acoolant channel coolant flow area (cm
2)
Afuel total fuel cross sectional area (cm
2)
Atotal ring average total area (cm
2)
W ring number of fuel elements
P fuel element pitch (cm)
Rfuel fuel element outer radius area (cm)
Ri ring inner radius (cm)
Ro ring outer radius (cm)
Greek
∆T temperature difference ( ◦C)
µ mean of the measured temperatures ( ◦C)
σ standard deviation of the measured temperatures ( ◦C)
5.2. Introduction
The Geological Survey TRIGA Reactor (GSTR), the only operating reactor in Colorado,
was built in 1969 and is located on the Denver Federal Center in the city of Lakewood. The
GSTR is a Mark I TRIGA reactor with a maximum steady state thermal power output of 1
MW. In addition, the GSTR can operate in a pulse mode with a peak pulse power of 1600
MW (Day, 2004). The GSTR core is cylindrical and resides at the bottom of a 7.55 m high
and 2.34 m inner diameter tank. The GSTR core contains 122 fuel elements and 4 control
rods. The core layout is annular with six concentric fuel rings. The fuel of the GSTR is
uranium-zirconium hydride fuel (U-ZrH) enriched to less than 20 wt% uranium-235. The
cladding material of the fuel elements is either stainless steel or aluminum (Shugart and
King, 2014).
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Researchers at the Colorado School of Mines (CSM) developed single channel thermal
hydraulics models of the GSTR using RELAP5/MOD3.3 and COMSOL Multiphysics
(Chapter 3). These single channel models predict coolant temperatures based on the average
coolant cross-sectional area in each fuel ring, with inlet and outlet areas equal to the cross
sectional area. In the single channel models, coolant tends to flow directly from the bottom
of the channel to the top of the channel as a result of natural convection driven by the heat
produced by fuel element. In reality, the channels within the reactor core are connected to
each other, so the coolant can flow between adjacent channels, depending on coolant density
variations within the core. This is especially true in cores with non-uniform power densities,
such as the GSTR.
To more accurately predict the complex flow patterns within the core, CSM researchers
developed detailed RELAP5/MOD3.3 and COMSOL multichannel models of the GSTR fluid
domain (Chapter 4). In the RELAP5/MOD3.3 multichannel model, the coolant temperatures
in each of the GSTR rings increase axially with core height. The RELAP5/MOD3.3
multichannel model predicts the highest coolant temperatures in the C-ring, as the power
densities of the fuel elements in this ring are the highest in the core, based on an MCNP5
model of the GSTR core (Shugart and King, 2014). In contrast, the COMSOL multichannel
model predicts that the coolant temperatures in the B-, C-, and D-rings increase axially
with core height, while the coolant temperatures for the E-, F-, and G-rings peak slightly
above the core center and then decrease. The predicted axial temperature profiles for the
E-, F-, and G-rings are caused by the coolant flow patterns within the core calculated by
the model (Chapter 4). The COMSOL multichannel model predicts that coolant tends to
flow from the bottom sides of the core to the core center, as more power is generated in the
core center. The coolant temperatures predicted by the RELAP5/MOD3.3 and COMSOL
multichannel models are lower than those predicted by the single channel models, as the
multichannel models predict higher mass flow rates as a result of the cross-flow between the
adjacent channels and the different inlet and outlet areas in these models (Chapter 4).
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An experiment is needed to gather coolant temperature data in the GSTR core, at
multiple fuel ring positions and at different vertical positions, to benchmark and reconcile
the single and multichannel thermal hydraulics models. Two experiments were conducted to
provide benchmark data for the GSTR single and multichannel thermal hydraulics models.
The first experiment measured the coolant outlet temperatures for each ring, while the second
experiment measured coolant temperature data in the GSTR core, at multiple flux monitor
hole positions and at five vertical positions. This paper describes the two experiments in
detail and compares the resulting coolant temperature data with the coolant temperatures
predicted by the single and multichannel thermal hydraulics models. In addition, this paper
describes the adjustments made to the RELAP5/MOD3.3 single and multichannel models
to better represent the GSTR coolant outlet and axial temperatures.
5.3. Background
This section describes the GSTR core in detail and summarizes the previous
RELAP5/MOD3.3 and COMSOL single and multichannel thermal hydraulic modeling efforts.
5.3.1. Geological Survey TRIGA Reactor (GSTR)
The Geological Survey TRIGA Reactor (GSTR) is a Mark I TRIGA reactor with a
maximum steady state thermal power output of 1 MW. In addition, the GSTR can operate
in pulse mode with a maximum allowable pulse reactivity insertion of $3 resulting in a peak
pulse power of up to 1600 MW (Day, 2004). The reactor was built in 1969 and is located
at the Denver Federal Center (DFC) in Lakewood, Colorado. The GSTR provides many
services, including neutron activation analysis, delayed neutron analysis for uranium and
thorium assay, radioisotope production, fission track experiments, neutron radiography, and
neutron irradiation for argon dating (Day, 2004). Figure 5.1a shows an axial cross section
view of the GSTR, while Figure 5.1b shows a top view of the GSTR.
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Figure 5.1. Rendered views of the Geological Survey TRIGA Reactor.
The GSTR core is cylindrical and resides at the bottom of a 7.55 m high and 2.34 m
inner diameter tank. The bottom of the core is located 0.61 m above the base of the tank.
The height from the core top grid to the tank top water surface is ∼6.2 m. The water level
varies by more than 1 mm on a daily basis. The GSTR core contains 122 fuel elements and 4
control rods. The core layout is annular and consists of 6 concentric rings, labeled B through
G (Figure 5.2). The A location contains the central thimble used for high flux irradiations.
The top and bottom grid plates are fabricated from aluminum alloy 6061-T6 and hold the
fuel elements in position. The diameters of the GSTR top and bottom grids are 53.5 cm and
49.7 cm, respectively. Figures 5.2 and 5.3 show schematics of the top and bottom grid plates,
respectively. Both grid plates are 1.9 cm thick. Each of the 126 fuel or control rod holes are
3.8 cm in outer diameter. Each location in the top grid plate corresponds to a location in
the lower grid plate to arrange the fuel elements exactly in their locations and to keep the
elements vertical. There are triangular cutouts in the top grid plate in the D8,E10,E11 and
Figure 5.2. GSTR top grid plate.
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Figure 5.3. GSTR bottom grid plate.
D17,E22,E23 locations. These triangular cutouts enable the fuel elements at these locations
to be removed to insert approximately triangular vertical irradiation tubes.
The fuel of the GSTR is uranium-zirconium hydride fuel (UZrH) enriched to ∼19.75 wt%
uranium-235. The cladding material is either stainless steel or aluminum (Bock and Villa,
2007; Hoffmann, 1960). The GSTR contains three types of fuel elements: stainless steel
clad 8.5 wt% uranium fuel, stainless steel clad 12 wt% uranium fuel, and aluminum clad 8
wt% uranium fuel (Shugart and King, 2014). The wt% in each case refers to the ratio of
uranium and zirconium hydrides. Table 5.1 presents the basic properties of the GSTR fuel
elements. Figure 5.4 shows the GSTR core power profile during normal operation (915 kW),
as predicted by an MCNP5 model of the core (Shugart and King, 2014).
The aluminum-clad fuel elements (Figure 5.5a) are 72 cm in total length including the
top and bottom fittings with an outer diameter of 3.8 cm. The fuel is located between two
graphite plugs and has length of 35.6 cm. The graphite plugs in an aluminum-clad fuel
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Table 5.1. GSTR fuel types and properties.
stainless steel-clad aluminum-clad
Fuel element property 8.5 wt% U 12 wt% U 8.0 wt% U
Overall length (cm) 72.0 72.0 72.0
Diameter (cm) 3.7 3.7 3.8
Fuel length (cm) 38.1 38.1 35.6
U nominal grams 39.0 55.0 36.0
Enrichment (wt%) ∼19.75 ∼19.75 ∼19.75
Fuel meat uranium content (wt%) 8.5 12.0 8.0
Cladding material stainless steel stainless steel aluminum
H/Zr atom ratio 1.7:1 1.7:1 1:1
Recommended operating temp ( ◦C) 800 800 530
Figure 5.4. Power profile of the GSTR core calculated by MCNP5.
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Figure 5.5. TRIGA fuel elements used in the GSTR.
element have a length of 10 cm. Samarium trioxide is added as a burnable neutron absorber
between the graphite and fuel (Shugart, 2013).
The stainless steel-clad fuel elements (Figure 5.5b) are 72 cm in total length including
the top and bottom fittings with an outer diameter of 3.7 cm (Shugart and King, 2014).
The U-ZrH fuel is located between two graphite plugs and is 38.1 cm in length (see Figure
5.5a). A zirconium rod, used in the manufacturing process, is located in the middle of the
fuel meat of the stainless steel fuel elements. The graphite plugs have a length of 8.8 cm and
are located above and below the fuel to reduce neutron leakage (Shugart and King, 2014).
Samarium trioxide is added as a burnable neutron absorber between the graphite and fuel.
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The GSTR reactor, with a maximum steady state power of 1 MW, can be safely cooled
by natural convection (Fouquet et al., 2003). The pool temperature must not exceed the
maximum bulk pool temperature limit of 60 ◦C; therefore, operating the reactor at more
than 100 KW for long periods of time requires pool cooling. In the GSTR, water flows to
a secondary cooling system to remove the heat from the primary cooling system through a
heat exchanger. The water in secondary cooling system is cooled by a forced draft cooling
tower with vertical air discharge. The sprayers in the cooling tower spray water to increase
the heat transfer and fans are used to cool the water.
5.3.2. GSTR Single Channel Models
This section summarizes the RELAP5/MOD3.3 and COMSOL single channel thermal
hydraulics models of the GSTR considered in this paper. The models have the same inlet
and outlet pressure boundary conditions, fuel element axial and radial power profiles, and
average core ring powers. Table 5.2 shows the average coolant flow cross-sectional area











= Acoolant + Afuel (5.2)
Acoolant = Acell − π (Rfuel)2 (5.3)
Table 5.2. GSTR fuel ring dimensions.
ring ring number of total total cell fuel
inner outer fuel ring cell flow element
radius radius elements area area area pitch




B 1.91 5.97 6 100.51 16.75 5.80 4.40
C 5.97 9.96 12 199.86 16.66 5.71 4.39
D 9.96 13.93 18 297.82 16.55 5.60 4.37
E 13.93 17.90 24 397.15 16.55 5.60 4.37
F 17.90 21.87 30 496.42 16.55 5.60 4.37





















Researchers at CSM have developed single channel thermal hydraulics models of the
GSTR using RELAP5/MOD3.3 and COMSOL Multiphysics (Chapter 3). The
RELAP5/MOD3.3 model was developed using the Symbolic Nuclear Analysis Package
(SNAP), which the NRC developed to help users create and edit input files for the NRC codes
(Jones et al., 2009). Two COMSOL single channel models were developed, a two-dimensional
axisymmetric model and a three-dimensional model, using COMSOL Multiphysics Version
4.3a (Chapter 3). The RELAP5/MOD3.3 and COMSOL single channel models predict
approximately the same coolant temperatures and temperature differences between the clad
and coolant. This paper considers the results from the three-dimensional model, as the
COMSOL models predict approximately the same coolant temperatures.
Figures 5.6 and 5.7 show the axial coolant temperatures predicted by the
RELAP5/MOD3.3 and COMSOL single channel models, respectively, for each GSTR ring
at 915 kW of reactor power and an inlet temperature of 21.5 ◦C for the stainless steel-clad
fuel elements in the B-, C-, D-, and E-rings and the aluminum-clad fuel elements in the
F-, and G-rings. The average coolant temperature in each of the GSTR rings rises axially
with core height. The RELAP5/MOD3.3 and COMSOL single channel models predict that
the highest coolant temperatures within the GSTR core are located in the B- and C-rings.
This is expected, as these rings have the highest heat generated by the fuel elements, as
predicted by an MCNP5 model of the core (11.2 and 12.1 kW/fuel element in the B- and
C-rings, respectively) (Shugart and King, 2014). The outlet temperatures predicted by the
RELAP5/MOD3.3 and COMSOL single channel models are the temperatures at height 0.66
m from the core bottom in Figures 5.6 and 5.7, respectively.
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Figure 5.6. Coolant bulk temperature predicted by the RELAP5/MOD3.3 single channel
model in each GSTR fuel ring at 915 kW of reactor power and an inlet temperature of
21.5 ◦C
Figure 5.7. Coolant bulk temperature predicted by the COMSOL single channel model in
each GSTR fuel ring at 915 kW of reactor power and an inlet temperature of 21.5 ◦C
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5.3.3. GSTR Multichannel Models
Previous efforts have developed multichannel thermal hydraulics models of the GSTR
using RELAP5/MOD3.3 and COMSOL Multiphysics to predict the flow patterns that exist
within the core and provide insight into the impact of coolant cross-flow on the coolant
temperatures, as the single channel thermal hydraulics models do not fully account for
the complicated heat transfer and fluid flow patterns within the core (Chapter 4). This
section summarizes the results of the RELAP5/MOD3.3 and COMSOL multichannel thermal
hydraulics models.
These models incorporate the same pressure boundary conditions and fuel element power
profiles as the single channel models. Table 5.3 shows the coolant flow cross-sectional area for








Acoolant = Atotal − Afuel = Atotal −Nπ (Rfuel)2 (5.7)
The RELAP5/MOD3.3 code was used to build a multichannel model for the GSTR full
core, as RELAP5/MOD3.3 has been extensively used by the licensees for TRIGA reactor
thermal hydraulics analyses. The RELAP5/MOD3.3 multichannel model consists of six
coolant channels, each representing the entirety of a GSTR ring. The three-dimensional
Table 5.3. GSTR fuel ring dimensions.
ring inner ring outer number of total ring total fuel total flow
radius radius fuel elements area area area




B 1.91 5.97 6 100.51 65.70 34.81
C 5.97 9.96 12 199.86 131.39 68.47
D 9.96 13.93 18 297.82 197.09 100.73
E 13.93 17.90 24 397.15 262.79 134.36
F 17.90 21.87 30 496.42 328.48 167.93
G 21.87 26.42 36 688.99 394.18 294.81
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COMSOL multichannel model represents one-sixth of the GSTR core domain.
Three-dimensional thermal hydraulics models are computationally demanding and models
larger than one-sixth of the GSTR core fail to converge in a reasonable execution time.
One-sixth of the GSTR core domain model is selected to avoid cutting the hottest rods in
the B- and C-rings and to reduce corner hot spots in the model, as the GSTR has six and
twelve fuel elements in the B- and C-rings, respectively. The COMSOL model of one-sixth
of the GSTR considers the fluid domain inside the GSTR core above the bottom grid plate,
below the top grid plate, and inward of the graphite reflector (Chapter 4).
Coolant cross-flow is incorporated in both of the multichannel models and has a significant
impact on the coolant outlet and axial temperatures. There are significant differences in
the predicted coolant axial temperatures between the RELAP5/MOD3.3 and COMSOL
multichannel models, especially in the E-, F-, and G-rings (Chapter 4).
Figure 5.8 shows the coolant bulk temperature predicted by the RELAP5/MOD3.3
multichannel model in each GSTR fuel ring at 915 kW of reactor power and an inlet
temperature of 21.5 ◦C. The predicted average coolant temperature for all of the GSTR
rings increases axially with core height. As shown in Figure 5.8, the RELAP5/MOD3.3
multichannel model predicts that the highest coolant temperatures within the GSTR core are
located in the B- and C-rings. This is expected, since these rings have highest heat generated
by the fuel elements, as predicted by the MCNP5 model (11.2 and 12.1 kW/element in the
B- and C-rings, respectively). In addition, the RELAP5/MOD3.3 multichannel model shows
that upgrading the RELAP5/MOD3.3 single channel model by adding more coolant channels
decreases the predicted temperatures, as the RELAP5/MOD3.3 multichannel model predicts
mass flow rates higher than the RELAP5/MOD3.3 single channel model, which decrease the
changes in axial temperatures across each ring’s coolant channel.
Figure 5.9 shows the the coolant bulk temperature predicted by the three-dimensional
COMSOL multichannel model in each GSTR fuel ring at 915 kW of reactor power and an
inlet temperature of 21.5 ◦C. The COMSOL multichannel model predicts that coolant tends
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Figure 5.8. Coolant bulk temperature predicted by the RELAP5/MOD3.3 multichannel
model in each GSTR fuel ring at 915 kW of reactor power and an inlet temperature of
21.5 ◦C.
Figure 5.9. Coolant bulk temperature predicted by the three-dimensional COMSOL
multichannel model in each GSTR fuel ring at 915 kW of reactor power and an inlet
temperature of 21.5 ◦C.
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to flow from the outside of the bottom of the core to the core center, with higher water
temperatures in the center channels because more power is generated in the core center.
The heat generated within the GSTR core is concentrated in the B-, C-, and D-rings. In the
COMSOL multichannel model, temperature rises with core height in the B-, C-, and D-rings
because coolant tends to flow axially in these rings from the inlets in the bottom grid plate
to the outlets in the top grid plate. In the E,- F,- and G-rings, the COMSOL multichannel
model predicts that coolant temperatures peak and then decrease with core height because
coolant tends to flow from the outside of the bottom grid plate to the center of the GSTR
core passing through the coolant channels in the E-, F-, and G-rings. Therefore, the heat
produced from these fuel elements is carried by the coolant to the core center which leads to
the higher temperatures in the B-ring. Finally, the COMSOL multichannel model predicts
mass flow rates higher than the COMSOL single channel model, which decrease the change
in axial temperature across the core.
5.4. Experimental Setup
Two experiments were conducted to provide benchmarks for the GSTR single and
multichannel thermal hydraulics models. The first experiment measured the outlet
temperatures of each ring, while the second experiment measured the coolant temperatures
in the GSTR core, at multiple flux monitor hole positions and at five vertical positions.
In both experiments, a thermocouple was connected to a recording station in the reactor
bay to record the measured water temperature readings. A LabView data acquisition
user interface recorded the water temperature data; therefore, a signal conditioning unit
was needed to make the analog thermocouple data ready for LabView data acquisition.
Table 5.4 lists the equipment used for the temperature measurements. The thermocouple
used in the experiments was a k-type ungrounded thermocouple with a 304 stainless steel
sheath. In ungrounded thermocouples, the thermocouple junction is separated from the
probe wall, which leads to better electrical isolation and provides more accurate temperature
readings. The disadvantage of ungrounded thermocouples is the slower response time than
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Table 5.4. Equipment used for temperature measurements.
Equipment Brand Model/Part Number
Thermocouple Omega Engineering TJ420-CASS-14U-72
Signal conditioning unit National Instruments NI SC-2345
Computer Dell GX260
Transmitter module Rhino 884114
Data acquisition user interface LabView 7.1
with grounded thermocouples. The thermocouple was customized with a 10.6 m wire so that
the thermocouple wire could be connected to the recording station in the reactor bay.
The thermocouple was connected to the LabView data acquisition user interface by the
GSTR staff. The stripped wire ends of the thermocouple were connected to the transmission
module, and the thermocouple was calibrated using the shunt calibration method within
LabView program. Before collecting the coolant temperatures, the location of the
thermocouple was checked to make sure that the thermocouple was in the correct place within
the core. After checking the thermocouple location, the 1.27 cm outer diameter aluminum
rod carrying the thermocouple was secured to the reactor bridge assembly. After that, the
reactor was started and the reactor power raised to ∼900 kW. After the reactor power was
stable, the LabView program collected the coolant temperatures. After ten minutes, the
LabView program was stopped and the collected coolant temperature data was saved to a
hard drive. The same procedure was repeated for all the experiments.
5.4.1. First Experiment
The first experiment measured the outlet temperatures of each ring to provide benchmark
data for the GSTR single and multichannel thermal hydraulics models, as there are significant
differences between the outlet temperatures predicted by these models at each ring (Sections
5.3.2 and 5.3.3). In this experiment, the thermocouple sheath was firmly attached to a
1.27 cm outer diameter aluminum rod; then, the aluminum rod was lowered to place the
thermocouple at an outlet of the ring in the space between the fuel top end fitting and top
grid plate (see Figure 5.10).
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Figure 5.10. Thermocouple location between fuel end fitting and top grid plate while
measuring rings outlets temperatures.
5.4.2. Second Experiment
There are differences between the axial temperature profiles predicted by the
RELAP5/MOD3.3 and COMSOL single and multichannel models; therefore, another
experiment was needed to verify the axial temperature profiles in the different rings by
gathering water temperature data in the core at multiple fuel ring positions and at five
vertical positions (Sections 5.3.2 and 5.3.3). For this experiment, a new customized
thermocouple was purchased. The thermocouple was a k-type ungrounded thermocouple
with a 304 stainless steel sheath. The length of the sheath was extended to 1.8 m to allow
the thermocouple to be placed within the reactor core. The diameter of the thermocouple’s
stainless steel sheath was chosen to be 0.635 cm so that the thermocouple would fit in the flux
monitor holes (0.769 cm in diameter) and reduce the radial movement of the thermocouple
inside the core. The thermocouple was positioned 0.5 m below the top grid plate inside the
core through the 0.769 cm flux monitor holes at the top grid plate. Figure 5.11 shows the
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locations of flux monitor holes used in the experiment.
Figure 5.12 shows the vertical positions where water temperature data was gathered,
while Figure 5.13 shows a picture of the thermocouple inserted in the flux monitor hole
at location 6 (between the G-ring and the reflector). The thermocouple sheath was firmly
attached to a 1.27 cm outer diameter aluminum rod. The aluminum rod was carefully
lowered to place thermocouple inside the flux monitor holes. Then, the aluminum rod was
secured to the reactor bridge assembly. After positioning the thermocouple 0.5 m below the
top grid plate, reactor staff started the reactor and raised the power to ∼900 kW and the
thermocouple data was recorded for 10 minutes. After collecting sufficient data for the first
location, the thermocouple was raised 0.1 m and data was recorded again. These steps were
repeated to gather water temperature data from 0.5 m to 0.1 m below the top grid plate in
0.1 m increments. Then, the reactor staff shut down the reactor, and the thermocouple was
Figure 5.11. GSTR flux monitor holes and axial measurement locations.
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Figure 5.12. GSTR experiment vertical locations.
Figure 5.13. Picture of the thermocouple in location 6 within the GSTR core.
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moved to a different flux monitor hole and positioned 0.5 m below the top grid plate and the
process repeated. These steps were repeated for each of the six flux monitor holes selected
for this experiment.
5.5. Experimental Results
This section discusses the results of the two GSTR temperature measurement experiments.
This section, in addition, compares the the experimental results to the results of the
RELAP5/MOD3.3 and COMSOL single and multichannel models.
5.5.1. First Experiment
The coolant temperature measurements at each ring outlet were fit to a Gaussian
probability distribution to calculate the data mean (µ) and the measurement uncertainty
with a 95.5% confidence interval (µ±2σ). Figure 5.14 shows the Gaussian probability
distribution for the measured temperature at the B-ring outlet. The same procedure was
repeated for each temperature measurement. Figure 5.15 shows the measured coolant outlet
temperature of each ring. The highest measured outlet temperature is located in the B-ring
outlet. The measured outlet temperatures continuously decrease from the B-ring to G-ring.
Figure 5.16 compares the experimental results to the results of the RELAP5/MOD3.3 and
COMSOL single and multichannel models at an inlet temperature of 20 ◦C, corresponding to
the coolant inlet temperature during experiment. As shown in Figure 5.16, the
three-dimensional COMSOL multichannel model is the only model that predicts that the
temperature does not peak in the C-ring and the predicted temperatures are within the
uncertainty bounds of the experiment. On the other hand, the RELAP5/MOD3.3 single
and multichannel models and the COMSOL single channel model predict that the outlet
temperature peaks in the C-ring. The RELAP5/MOD3.3 and COMSOL single channel
models over-estimate the measured outlet temperatures by up to 7.9 ◦C and 8.7 ◦C,
respectively. The RELAP5/MOD3.3 and COMSOL single channel models predict the outlet
temperature of the B-ring within the uncertainty bounds of the experiment. The outlet
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Figure 5.14. Gaussian probability distribution density for the measured outlet temperatures
at the B-ring.
Figure 5.15. Measured outlet temperature of each ring.
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Figure 5.16. Comparison between measured outlet temperatures and temperatures predicted
by the RELAP5/MOD3.3 and COMSOL single and multichannel models.
temperatures predicted by the RELAP5/MOD3.3 multichannel are close to the measured
temperatures, except for the B-ring. The RELAP5/MOD3.3 multichannel model predicts
the outlet temperatures of the C-, E-, F-, and G-rings within the uncertainty bounds of the
experiment, while the predicted outlet temperatures of the B- and D-rings are outside the
uncertainty bounds of the experiment.
5.5.2. Second Experiment
The second experiment was conducted to measure the coolant temperature in the GSTR
core, at multiple flux monitor hole positions and at five vertical positions. The flux monitor
holes in the top grid plate are positioned between the rings (Figure 5.11). For example,
the first hole is located between the B- and C-rings (referred to as the location 1), while
the last hole is located between the G-ring and the reflector (referred to as the location
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6). As these holes are located between the rings, the measured coolant temperatures are
compared to the average of the predicted coolant temperatures in the adjacent rings of
the RELAP5/MOD3.3 multichannel and RELAP5/MOD3.3 and COMSOL single channel
models. The measured coolant temperatures are compared to the coolant temperatures
predicted by the COMSOL multichannel model at the experimental locations, as this model
includes the full fluid domain.
Figure 5.17 shows the measured coolant temperatures of each location (1 through 6).
The coolant inlet temperature was 21.5 ◦C, when this experiment was conducted, and the
models were adjusted accordingly. The coolant temperatures increase as a function of core
height at locations 1, 2, 3, and 6, while the coolant temperatures peak then decrease as a
function of core height at locations 4 and 5. As discussed in Sections 5.3.2 and 5.3.3, the axial
coolant temperature profiles predicted by the RELAP5/MOD3.3 and COMSOL single and
Figure 5.17. Measured axial coolant temperatures at locations 1, 2, 3, 4, 5, and 6 in
Figure 5.11.
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multichannel models are significantly different. Figures 5.18-5.23 compare the experimental
coolant axial profile with the axial temperature profiles predicted by the RELAP5/MOD3.3
and COMSOL single and multichannel models at locations 1, 2, 3, 4, 5, and 6, respectively.
At locations 1, 2, 3, and 6, the measured coolant temperatures increase as a function of
core height, as predicted by all of the models (see Figures 5.18, 5.19, 5.20, and 5.23) . At
locations 4 and 5, the measured coolant temperature peaks then decreases as a function of
core height. This is consistent with the predictions of the COMSOL multichannel model.
The temperature profiles predicted by the other models consistently increase with core height
at locations 4 and 5 (see Figures 5.21 and 5.22).
Figure 5.18. Measured and predicted axial coolant temperatures as a function of core height
at location 1 in Figure 5.11.
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Figure 5.19. Measured and predicted axial coolant temperatures as a function of core height
at location 2 in Figure 5.11.
Figure 5.20. Measured and predicted axial coolant temperatures as a function of core height
at location 3 in Figure 5.11.
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Figure 5.21. Measured and predicted axial coolant temperatures as a function of core height
at location 4 in Figure 5.11.
Figure 5.22. Measured and predicted axial coolant temperatures as a function of core height
at location 5 in Figure 5.11.
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Figure 5.23. Measured and predicted axial coolant temperatures as a function of core height
at location 6 in Figure 5.11.
Figures 5.24 through 5.29 show the differences between the measured temperatures and
the temperatures predicted by the RELAP5/MOD3.3 and COMSOL single and multichannel
models as a function of core height. At locations 1, 2, 3, and 6 where the coolant temperatures
increase with core height, the RELAP5/MOD3.3 and COMSOL multichannel models
under-estimate the measured coolant temperatures, while the RELAP5/MOD3.3 and
COMSOL single channel models under-estimate and then over-estimate the measured coolant
temperatures at these locations (see Figures 5.24, 5.25, 5.26, and 5.29).
The maximum temperature differences between the measured temperatures and the
coolant temperatures predicted by the COMSOL multichannel model at locations 1, 2, 3,
and 6 are up to 2.8 ◦C, 4.3 ◦C, 1.9 ◦C, and 1.1 ◦C at 0.25 m, 0.35 m, 0.25 m, and 0.25 m
from the core bottom, respectively. Then, this difference decreases until it reaches 0.6 ◦C,
0.9 ◦C, 0.5 ◦C, and 0.75 ◦C at 0.55 m from the core bottom and at the same locations,
respectively. At locations 1, 2, 3, and 6, the maximum temperature differences between the
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Figure 5.24. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 1 in Figure 5.11.
Figure 5.25. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 2 in Figure 5.11.
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Figure 5.26. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 3 in Figure 5.11.
Figure 5.27. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 4 in Figure 5.11.
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Figure 5.28. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 5 in Figure 5.11.
Figure 5.29. Differences between the model predicted and measured coolant temperatures
as a function of core height at location 6 in Figure 5.11.
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measured temperatures and the coolant temperatures predicted by the RELAP5/MOD3.3
multichannel model are up to 4.5 ◦C, 7.5 ◦C, 3.1,◦C, and 1.0 ◦C at 0.35 m, 0.35 m, 0.45 m,
and 0.25 m from the core bottom, respectively.
The single channel models under-estimate the measured temperatures by up to 1.8 ◦C,
4.8 ◦C, 0.9,◦C, and 1.2 ◦C at locations 1, 2, 3, and 6 and 0.25 m, 0.30 m, 0.25 m, and 0.25
m from the core bottom, respectively. Then, the single channel models over-estimate the
measured temperatures at 0.55 m from the core bottom by up to 3.4 ◦C, 4.0 ◦C, 4.2,◦C,
and 4.3 ◦C at the same locations, respectively. The temperatures predicted by the COMSOL
multichannel model at 0.55 m from the core bottom are the closest to the measured
temperature at the same height at locations 1, 2, 3, and 6.
As discussed earlier, the measured coolant temperatures peak then decrease as a function
of core height at locations 4 and 5. The temperature profile predicted by the COMSOL
multichannel model peaks then decreases as a function of core height at the same locations,
while the temperature profiles predicted by the other models consistently increase with core
height (Figures 5.21 and 5.22). At location 4 (Figure 5.27), the maximum temperature
differences between the measured temperatures and the coolant temperatures predicted
by the RELAP5/MOD3.3 multichannel, COMSOL multichannel, RELAP5/MOD3.3 single,
and COMSOL single channel models are 6.6 ◦C, 2.9 ◦C, 4.1,◦C, and 4.2 ◦C at 0.45 m, 0.45
m, 0.35 m, and 0.35 m from the core bottom, respectively. At location 5 (Figure 5.28),
the COMSOL multichannel model under-estimates the measured temperature by up to
5.9 ◦C at 0.35 m from the core bottom, which is the lowest difference from the measured
coolant temperatures when comparing COMSOL multichannel temperature difference with
the temperature differences of the other models. At locations 4 and 5, the temperatures
predicted by the COMSOL multichannel model at 0.55 m from the core bottom are the
closest to the measured temperature at the same height, as the COMSOL multichannel
model is the only model that predicts the correct axial temperature profile in these locations.
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The highest measured outlet temperature is located in the B-ring outlet. The measured
outlet temperatures continuously decrease from the B-ring to G-ring. The RELAP5/MOD3.3
single and multichannel models and the COMSOL single channel model predict that the
outlet temperature peaks in the C-ring. The three-dimensional COMSOL multichannel
model is the only model that predicts that the temperature does not peak in the C-ring
and the temperatures predicted by this model are within the uncertainty bounds of the
experiment. The coolant temperatures increase as a function of core height at locations 1, 2,
3, and 6, while the coolant temperatures peak then decrease as a function of core height at
locations 4 and 5. The axial coolant temperature profiles predicted by the RELAP5/MOD3.3
and COMSOL single and multichannel models are significantly different. At locations 1, 2, 3,
and 6, the measured coolant temperatures increase as a function of core height, as predicted
by all of the models. The COMSOL multichannel model is the only model that predicts
that the coolant temperature peaks then decreases as a function of core height in locations
4 and 5. The temperature profiles predicted by the other models consistently increase with
core height at locations 4 and 5. The COMSOL multichannel model predictions have smaller
differences between the measured and predicted coolant temperatures, compared to the other
models.
5.6. Adjustments to the RELAP5/MOD3.3 Models
The coolant outlet and axial temperatures predicted by the RELAP5/MOD3.3 single
and multichannel models are significantly different than the measured coolant temperatures.
This section presents the adjustments made to the RELAP5/MOD3.3 models to better
predict the GSTR coolant outlet and axial temperatures. The adjusted RELAP5/MOD3.3
models predict coolant temperatures close to the measured temperatures with significantly
less simulation time than the three-dimensional COMSOL multichannel model (which takes
up to one week per simulation run).
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5.6.1. RELAP5/MOD3.3 Single Channel Model
The RELAP5/MOD3.3 single channel model generally over-estimates the measured
coolant outlet and axial temperatures as discussed in Section 5.5. The RELAP5/MOD3.3
single channel model results in Section 5.5 are based on the average coolant flow cross-sectional
areas for each GSTR ring (Table 5.2). Each location in the top grid plate corresponds to a
location in the lower grid plate to arrange the fuel elements exactly in their locations and
to keep the elements vertical (Section 5.3); however, the radial distances between the fuel
elements are not equal across the core. The distances between the center of the fuel elements
(fuel pitch) in the B-ring do not exceed the calculated fuel pitch in this ring based on the
average flow cross-sectional area (Table 5.2). In the C-, D-, E-, F-, and G-rings, the fuel
pitch can reach up to 5.0 cm, which is higher than the calculated fuel pitches based on the
average flow cross-sectional areas in these rings. The fuel pitches in the RELAP5/MOD3.3
single channel models of the C-, D-, E-, F-, and G-rings were adjusted to study the impact of
increasing the fuel pitch on the predicted coolant temperatures. Three models, with 4.6, 4.8,
and 5.0 cm fuel pitches, were developed for each of the C-, D-, E-, F-, and G-rings. Table
5.5 presents the flow cross-sectional areas incorporated in the adjusted RELAP5/MOD3.3
single channel models.
Figure 5.30 shows the outlet temperatures predicted by the RELAP5/MOD3.3 single
channel models for each ring with the modified flow cross-sectional areas according to Table
5.5. As the flow cross-sectional areas increase in the C-, D-, E-, F-, and G-rings, the
Table 5.5. Flow cross-sectional areas for each GSTR ring in the adjusted
RELAP5/MOD3.3 single channel models.
coolant area Acoolant(cm
2)
ring average pitch 4.6 cm pitch 4.8 cm pitch 5.0 cm pitch
B 5.8 5.8 5.8 5.8
C 5.7 7.4 9.0 10.7
D 5.6 7.4 9.0 10.7
E 5.6 7.4 9.0 10.7
F 5.6 7.4 9.0 10.7
G 8.1 7.4 9.0 10.7
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Figure 5.30. Comparison between measured outlet temperatures and temperatures predicted
by the adjusted RELAP5/MOD3.3 single channel models.
outlet temperatures decrease due to the increase in the coolant volume for the same fuel
element power. The outlet temperatures predicted by the RELAP5/MOD3.3 single channel
models with a 5.0 cm fuel pitch in the C-, D-, E-, F-, and G-rings and the average fuel
pitch (4.4 cm) in the B-ring are the closest to the measured temperatures. The adjusted
RELAP5/MOD3.3 single channel models predict outlet temperatures within 4.0 ◦C of the
experimentally measured values.
In addition, the measured coolant axial temperatures in locations 1, 2, 3, 4, 5, and 6
are estimated using the RELAP5/MOD3.3 single channel models with a 5.0 cm fuel pitch
in the C-, D-, E-, F-, and G-rings and the average fuel pitch (4.4 cm) in the B-ring. The
measured coolant temperatures in the locations in Figure 5.11 are compared to the average
of the coolant temperatures in the adjacent rings of the RELAP5/MOD3.3 single channel
models. The axial temperature profiles predicted by the adjusted RELAP5/MOD3.3 single
channel model increase as a function of core height in all rings. As shown in Figure 5.31,
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Figure 5.31. Measured and predicted axial coolant temperatures predicted by the adjusted
RELAP5/MOD3.3 single channel models as a function of core height.
the RELAP5/MOD3.3 single channel models with a 5.0 cm fuel pitch in the C-, D-, E-, F-,
and G-rings and the average fuel pitch (4.4 cm) in the B-ring better estimate the measured
axial temperatures in locations 1, 2, 3, 4, 5, and 6; however, these models do not accurately
predict the axial temperature profiles in locations 4 and 5. The axial temperature profiles
in locations 4 and 5 are strongly affected by the cross-flow between the channels and cannot
be accurately represented by a single channel model.
5.6.2. RELAP5/MOD3.3 Multichannel Model
The RELAP5/MOD3.3 multichannel model generally under-estimates the coolant outlet
and axial temperatures (Section 5.5). The results of the RELAP5/MOD3.3 multichannel
model are based on the total flow cross-sectional area for each GSTR ring. As shown in
Section 5.5, the outlet temperatures predicted by the RELAP5/MOD3.3
multichannel model for the C-, E-, F-, and G-rings are within the experimental uncertainties.
The outlet temperatures predicted by the RELAP5/MOD3.3 multichannel model under-
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estimate the coolant temperatures in the B-, C-, D-, and E-rings; therefore, the flow cross-
sectional areas in these rings were adjusted based on the lowest fuel pitches in these rings.
The flow cross-sectional area for the single coolant channel with the lowest fuel pitch was
calculated for the B-, C-, D-, and E-rings (4.05, 4.13, 4.14, and 4.15 cm, respectively). Then,
the calculated flow cross-sectional area for the single coolant channel was multiplied by the
number of fuel element in each ring. The flow cross-sectional areas in the other rings were
kept the same. Table 5.6 compares the flow cross-sectional areas for each ring of the original
RELAP5/MOD3.3 multichannel model with the adjusted RELAP5/MOD3.3 multichannel
model.
Figure 5.32 shows the outlet temperatures predicted by the RELAP5/MOD3.3
multichannel model at each ring with the modified flow cross-sectional areas according
to Table 5.6. As the flow cross-sectional areas decrease in the B-, C-, D-, and E-rings,
the outlet temperatures increase due to the decrease in the coolant volume. The adjusted
RELAP5/MOD3.3 multichannel model better predicts the measured outlet temperatures, as
the outlet temperatures predicted by this model are within the measured outlet temperature
uncertainty range. The adjusted RELAP5/MOD3.3 multichannel model predicts outlet
temperatures within 1.7 ◦C of the experimentally measured values.
Figure 5.33 compares the experimental coolant axial profile with the axial temperature
profiles predicted by the adjusted RELAP5/MOD3.3 multichannel model at the locations
shown in Figure 5.11. As discussed earlier, the measured coolant temperatures are compared












Figure 5.32. Comparison between measured outlet temperatures and temperatures predicted
by the adjusted RELAP5/MOD3.3 multichannel model.
Figure 5.33. Measured and predicted axial coolant temperatures predicted by the adjusted
RELAP5/MOD3.3 multichannel model with modified axial flow areas as a function of core
height.
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to the average of the coolant axial temperatures predicted by the adjusted RELAP5/MOD3.3
multichannel model in the adjacent rings of the flux monitor hole to yield the predicted
temperatures in the locations in Figure 5.11. The axial temperature profiles predicted by
the adjusted RELAP5/MOD3.3 multichannel model increase as a function of core height.
The adjusted RELAP5/MOD3.3 multichannel model better predicts the measured axial
temperatures in locations 1, 2, 3, 4, 5, and 6 with lower differences between the predicted and
measured coolant axial temperatures, compared to the initial RELAP5/MOD3.3
multichannel model. The adjusted RELAP5/MOD3.3 multichannel model still fails to
accurately predict the axial temperature profiles in locations 4 and 5.
In order to further improve the predicted axial temperature profiles, the boundary
conditions of the single junction components in the adjusted RELAP5/MOD3.3 multichannel
model, which simulate the cross-flow between the coolant channels, were adjusted in the E-,
F-, and G-rings to better represent the coolant cross-flow in the middle of these channels
as predicted by the three-dimensional COMSOL multichannel model; but, even with this
adjustment, the RELAP5/MOD3.3 multichannel model fails to predict accurate axial
temperature profiles in the E-, F-, and G-rings. Table 5.7 compares the coolant channel axial
node cross-flow surface areas for each ring of the original RELAP5/MOD3.3 multichannel
model with the adjusted RELAP5/MOD3.3 multichannel model. The coolant channel axial
nodes cross-flow surface areas in the E-, F-, and G-rings were increased 50%. Figure 5.34
Table 5.7. Coolant channel axial nodes cross-flow surface areas for each ring in the
adjusted RELAP5/MOD3.3 multichannel model.
areas for channel different node heights (cm2)
original multichannel model adjusted multichannel model
ring 1.9 (cm) 2.13 (cm) 13.23 (cm) 1.9 (cm) 2.13 (cm) 13.23 (cm)
B 71 80 498 71 80 498
C 119 133 831 119 133 831
D 167 186 1162 167 186 1162
E 214 239 1493 321 359 2240
F 262 292 1824 393 438 2736
G 316 353 2203 474 530 3305
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compares the experimental coolant axial profile with the axial temperature profiles predicted
by the adjusted RELAP5/MOD3.3 multichannel model with 50% higher coolant channel
axial node cross-flow surface areas in the E-, F-, and G-rings at the locations shown in
Figure 5.11.
The adjusted RELAP5/MOD3.3 multichannel model predicts cross-flow between the
different rings; however, the coolant temperatures increase axially in all rings as the predicted
coolant cross-flow between adjacent rings is not sufficient to result in the experimentally
observed axial temperature peaks. In the RELAP5/MOD3.3 multichannel model, the coolant
cross-flow is transferring some heat to adjacent rings coolant channels, but the predicted
cross-flow is not sufficient to transfer significant amounts of heat to the adjacent thermal
hydraulics channels. The modeling approach used in this and similar RELAP multichannel
TRIGA reactor models (Hamidouche et al., 2009; Reis et al., 2012; Marcum et al., 2010;
Marcum, 2008; Marcum et al., 2009) does not appear to adequately represent the cross-flow
Figure 5.34. Measured and predicted axial coolant temperatures predicted by the adjusted
RELAP5/MOD3.3 multichannel model with modified axial and cross-flow areas as a function
of core height.
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present between TRIGA reactor rings.
5.7. Summary and Conclusions
Previous work developed single and multichannel thermal hydraulics models of the
Geological Survey TRIGA Reactor (GSTR) using RELAP5/MOD3.3 and COMSOL
Multiphysics. As there are significant differences between the axial temperature profiles and
outlet temperatures predicted by the different models, two experiments gathered coolant
temperature data in the GSTR core, at multiple fuel ring positions and at different vertical
positions to benchmark the developed models. The first experiment measured the outlet
temperatures of each ring, while the second experiment measured the axial coolant
temperatures at six locations within the core.
In the first experiment, the highest measured outlet temperature is located at the B-ring
outlet. The measured outlet temperatures decrease from the B-ring to the G-ring. The
COMSOL multichannel model is the only model that predicts that the highest outlet
temperature occurs in the B-ring, with the outlet temperatures continuously decreasing
from the B-ring to the G-ring. The RELAP5/MOD3.3 single and multichannel models and
the COMSOL single channel model predict that the highest outlet temperature is located at
the C-ring outlet. The COMSOL multichannel model predicts outlet temperatures within
2.0 ◦C of the experimentally measured values.
The second experiment was conducted to measure the coolant temperatures in the GSTR
core, at multiple flux monitor hole positions and at five vertical positions. The flux monitor
holes in the top grid plate are positioned between the rings. The measured axial temperature
profiles at locations 1 (between the B- and C-rings), 2 (between the C- and D-rings), 3
(between the D- and E-rings), and 6 (between the G-ring and the reflector) consistently
increase as a function of core height. The axial temperature profiles predicted by the
single and multichannel models also consistently increase as a function of core height. The
COMSOL multichannel model predicts coolant axial temperatures in these locations within
4.0 ◦C of the experimentally measured values, which is the lowest deviation predicted by the
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models.
At locations 4 (between the E- and F-rings) and 5 (between the F- and G-rings), the
measured axial temperature profiles peak then decrease as a function of core height. The
COMSOL multichannel model is the only model that predicts a similar profile in these
locations. The axial temperatures profiles predicted by the RELAP5/MOD3.3 single,
RELAP5/MOD3.3 multichannel and COMSOL single channel models consistently increase
as a function of core height. The COMSOL multichannel model predicts coolant axial
temperatures in locations 4 and 5 within 5.9 ◦C of the experimentally measured values, which
is lower than the deviation predicted by the other models. The axial temperature profiles
at these locations are driven by the coolant flow patterns within the core. The COMSOL
multichannel model predicts that coolant tends to flow from the bottom sides of the core
to the core center, as more power is generated in the core center. The axial temperature
profiles measured in the GSTR show that the flow patterns within the core predicted by the
COMSOL multichannel model are consistent with the actual conditions in the core.
The RELAP5/MOD3.3 single and multichannel models were adjusted to better predict
the coolant outlet and axial temperatures. The adjusted RELAP5/MOD3.3 single and
multichannel models predict outlet temperatures within 4.0 ◦C and 1.7 ◦C of the
experimentally measured values, respectively. The adjusted RELAP5/MOD3.3 models better
predict the measured axial temperatures with lower differences between the predicted and
measured coolant axial temperatures. The adjusted RELAP5/MOD3.3 single and
multichannel models fail to predict the axial temperatures profiles in locations 4 and 5. The
adjusted RELAP5/MOD3.3 multichannel model predicts cross-flow between the different
rings; however, the coolant temperatures increase axially in all rings as the predicted coolant
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The Geological Survey TRIGA Reactor (GSTR) is a 1 MW Mark I TRIGA Reactor
located at the Denver Federal Center (DFC) in Lakewood, Colorado. Single channel models
of the GSTR developed using a range of U.S. Nuclear Regulatory Commission, Department
of Energy, and commercial codes, including RELAP5/MOD3.3, RELAP5-3D, TRACE,
and COMSOL Multiphysics, predict the GSTR fuel, inner clad, outer clad, and coolant
temperatures. In addition, multichannel models are developed for the Geological Survey
TRIGA Reactor (GSTR) core using RELAP5/MOD3.3 and COMSOL Multiphysics codes
to study the impact of coolant cross-flow on the fuel, clad, and coolant temperatures in the
fuel rings of the GSTR. The multichannel models represent the complex flow patterns that
exist within the core, while single channel thermal hydraulics models do not account for
cross-flow between the coolant channels in the core. The RELAP5/MOD3.3 and COMSOL
multichannel models incorporate the complex inlets and outlets in the top and bottom grid
plates to study the effects of these openings have on the coolant cross-flow. The results
from the multichannel and the single channel thermal-hydraulic models of the GSTR are
compared. As there are significant differences between the axial temperature profiles and
outlet temperatures predicted by the developed models, two experiments gathered coolant
temperature data in the GSTR core, at multiple fuel ring positions and at different vertical
positions to benchmark the developed models. The first experiment measured the outlet
temperatures of each ring, while the second experiment measured axial coolant temperatures
at six locations within the core.
The fuel temperatures predicted by the RELAP5/MOD3.3, RELAP5-3D,
two-dimensional axisymmetric COMSOL, and three-dimensional COMSOL single channel
models are comparable; but, the TRACE model predicts higher fuel temperatures. The
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maximum inner clad temperature predicted by the RELAP5/MOD3.3 and RELAP5-3D
single channel models agree very well with those predicted by the two-dimensional
axisymmetric COMSOL model; however, the three-dimensional COMSOL and TRACE
single channel models predict higher temperatures at the inner edge of the clad. In the
three-dimensional COMSOL single channel model, an effective material represents the gap
and clad domains. The effective material in the three-dimensional COMSOL single channel
model results in comparable fuel and coolant temperatures; but, it does not precisely represent
the inner clad. The TRACE single channel model predicts a higher outer clad surface
temperature which results in a higher inner clad temperature than that predicted by the
RELAP5/MOD3.3, RELAP5-3D, and two-dimensional axisymmetric COMSOL single
channel models.
The RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL, and
three-dimensional COMSOL single channel models predict maximum outer clad temperatures
that are approximately equal; however, the TRACE single channel model predicts significantly
higher coolant and clad temperatures. The three-dimensional COMSOL single channel
model matches the outer clad temperature of the RELAP5/MOD3.3, RELAP5-3D, and
two-dimensional axisymmetric single channel COMSOL as the outer clad temperature is
primarily controlled by the heat transfer from the clad to the water, which is not impacted
by the effective material.
The coolant saturation temperature inside the GSTR core is >113 ◦C. Based on the
saturation temperature of the coolant, the two-dimensional axisymmetric and three-
dimensional COMSOL single channel models indicate that voids start to form in the coolant
channels at fuel element powers above 17.9 kW. The RELAP5/MOD3.3 and RELAP5-3D
single channel models predict that voids form at fuel element powers higher than 18.9 kW,
while the TRACE model predicts void formation at fuel element powers less than 8 kW.
At the normal GSTR operating power (1 MW), there is no void formation predicted by
the RELAP5/MOD3.3, RELAP5-3D, two-dimensional axisymmetric COMSOL, and three-
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dimensional COMSOL single channel models.
All of the single channel models predict roughly the same temperature differences across
the fuel, which indicates that the equations used to solve for the solid heat transfer in all
of the models give approximately same solution. For the temperature difference across the
gap, all of the models give approximately identical solutions except for the three-dimensional
COMSOL single channel model, in which the temperature decreases less than in the other
models. In addition, the three-dimensional COMSOL single channel model gives higher
temperature differences across the clad as a result of the effective material. All of the
models except the TRACE single channel model predict approximately the same temperature
difference across the clad and coolant. The convection correlations in TRACE may not be
appropriate for natural convection problems.
The RELAP5/MOD3.3 multichannel model consists of six coolant channels, representing
all the GSTR fuel rings. The three-dimensional COMSOL multichannel model was developed
to represent one-sixth of the GSTR core domain. The RELAP5/MOD3.3 and three-
dimensional COMSOL multichannel models predict lower fuel temperatures, compared to
the single channel models, by up to 16.7 ◦C. All of the models predict the highest fuel
temperatures in the B- and C-rings as these rings have the highest average powers. The
coolant temperatures at the clad surface predicted by the RELAP5/MOD3.3 and three-
dimensional COMSOL multichannel models are lower than those predicted by
RELAP5/MOD3.3 and COMSOL single channel models by up to 4.8 ◦C.
Based on the saturation temperature of the coolant (113 ◦C), the COMSOL multichannel
model predicts that there is no void formation within the coolant channels at the normal
GSTR operating power (1 MW) with an inlet of 60 ◦C. The COMSOL multichannel model
lack two-phase physics; however, the temperature predictions of the COMSOL model are
conservative, as convective heat transfer initial increases with the onset of incipient boiling.
In addition, there is no void formation predicted by the RELAP5/MOD3.3 multichannel
model at the normal GSTR operating power (1 MW) with an inlet of 60 ◦C.
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The RELAP5/MOD3.3 multichannel model shows that the average coolant temperature
in each of the GSTR rings rises axially with core height with the highest coolant temperatures
located in the B- and C-rings. As the average power generated by the C-ring fuel elements
(12.1 kW/fuel element) is higher than B-ring fuel elements (11.2 kW/fuel element), the
RELAP5/MOD3.3 multichannel model predicts that the coolant temperatures in the C-ring
are higher than B-ring.
In contrast, the COMSOL multichannel model predicts that the coolant bulk temperature
reaches a maximum in the B-ring due to the coolant flow patterns within the core predicted
by the three-dimensional COMSOL multichannel model, even though the peak fuel element
power occurs in the C-ring. The three-dimensional COMSOL multichannel model predicts
that the GSTR coolant tends to flow from the bottom sides of the core to the core center
passing from the coolant channels in the E-, F-, and G-rings to the coolant channels in
the B-, C-, and D-rings. Therefore, heat produced from these fuel elements moves to the
center of the core as the coolant passes from the outer to the inner rings, which leads to
the highest coolant temperature occurring in the B-ring. These coolant flow patterns cause
the coolant temperature to peak and then decrease in the E-, F-, and G-rings as a function
of core height. The coolant temperature rises with core height in the B-, C-, and D-rings,
as coolant tends to flow axially in these rings. Compared to the single channel models, the
RELAP5/MOD3.3 and COMSOL multichannel models predict higher total mass flow rates,
which decrease the differences between the coolant inlet and outlet temperatures.
The fuel, clad, and coolant temperatures predicted by the multichannel models are lower
than single channel models as a result of the higher mass flow rate and flow patterns within
the core. The flow rate and flow directions in the single channel models are limited, as these
models do not consider the contributions of the heat produced by the adjacent fuel elements
to the coolant driving forces. In the multichannel models, the maximum coolant driving
forces are located in the center of the core, as this region has the highest power density,
which forces water to flow towards the center of the core and drives more water to enter
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the core through the large opening between the bottom grid plate and the aluminum casing
of the reflector near the G-ring. In addition, the inlet and outlet areas incorporated in the
single and multichannel models are different. The single channel models predict lower mass
flow rates as a result of the absence of cross-flow between the adjacent channels and the
different inlet and outlet areas in these models.
There are significant differences in the predicted coolant outlet temperatures and the axial
temperature profiles between the RELAP5/MOD3.3 and COMSOL single and multichannel
models particularly in the E-, F-, and G-rings; therefore, experimental data was needed to
determine which model most accurately predicts the outlet and axial temperatures.
In the first experiment, the highest measured outlet temperature is located at the B-ring
outlet. The measured outlet temperatures decrease from the B-ring to the G-ring. The
COMSOL multichannel model is the only model that predicts that the highest outlet
temperature occurs in the B-ring, with the outlet temperatures continuously decreasing
from the B-ring to the G-ring. The RELAP5/MOD3.3 single and multichannel models and
the COMSOL single channel model predict that the highest outlet temperature is located at
the C-ring outlet. The COMSOL multichannel model predicts outlet temperatures within
2.0 ◦C of the experimentally measured values.
The second experiment was conducted to measure the coolant temperatures in the GSTR
core, at multiple flux monitor hole positions and at five vertical positions. The flux monitor
holes in the top grid plate are positioned between the rings. The measured axial temperature
profiles between the B- and C-rings, between the C- and D-rings, between the D- and
E-rings, and between the G-ring and the reflector consistently increase as a function of
core height. The axial temperature profiles predicted by the single and multichannel models
also consistently increase as a function of core height. The COMSOL multichannel model
predicts coolant axial temperatures in these locations within 4.0 ◦C of the experimentally
measured values, which is the lowest deviation predicted by the models.
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Between the E- and F-rings and between the F- and G-rings, the measured axial
temperature profiles peak then decrease as a function of core height. The COMSOL
multichannel model is the only model that predicts a similar profile in these locations. The
axial temperatures profiles predicted by the RELAP5/MOD3.3 single, RELAP5/MOD3.3
multichannel and COMSOL single channel models consistently increase as a function of core
height. The COMSOL multichannel model predicts coolant axial temperatures between E-
and F-rings and between the F- and G-rings within 5.9 ◦C of the experimentally measured
values, which is lower than the deviation predicted by the other models. The axial
temperature profiles at these locations are driven by the coolant flow patterns within the
core. The COMSOL multichannel model predicts that coolant tends to flow from the bottom
sides of the core to the core center, as more power is generated in the core center. The axial
temperature profiles measured in the GSTR show that the flow patterns within the core
predicted by the COMSOL multichannel model are consistent with the actual conditions in
the core.
The RELAP5/MOD3.3 single and multichannel models were adjusted to better predict
the coolant outlet and axial temperatures. The adjusted RELAP5/MOD3.3 single and
multichannel models predict outlet temperatures within 4.0 ◦C and 1.7 ◦C of the
experimentally measured values, respectively. The adjusted RELAP5/MOD3.3 models better
predict the measured axial temperatures with lower differences between the predicted and
measured coolant axial temperatures. The adjusted RELAP5/MOD3.3 single and
multichannel models fail to predict the axial temperatures profiles between E- and F-rings
and between the F- and G-rings. The adjusted RELAP5/MOD3.3 multichannel model
predicts cross-flow between the different rings; however, the coolant temperatures increase
axially in all rings as the low coolant cross-flow between adjacent rings is not sufficient to
result in the experimentally observed axial temperature peaks.
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CHAPTER 7
RECOMMENDATIONS FOR FUTURE RESEARCH
This thesis studied the fuel, clad, and coolant temperatures and coolant flow directions
within the GSTR at reactor full power (1 MW) using single and multichannel thermal
hydraulics models. In addition, the experiments described in Chapter 5 measured the coolant
outlet and axial temperatures in the GSTR to validate the temperatures predictions of the
developed models. Potential next steps in this research include studying the coolant flow
patterns at different reactor powers, measuring the coolant speeds within the core, coupling
a reactor kinetics model to the COMSOL multichannel thermal hydraulics model, measuring
the outer clad temperatures, developing a three-dimensional multichannel model using CFD
codes that incorporate the Finite Volume Method (FVM), and improving the experimental
design to better measure the coolant temperatures.
This thesis did not study the coolant flow patterns within the core at reactor powers
less than 1 MW. As the GSTR core is cooled by natural convection and the coolant driving
forces within the core are significantly dependent on the fuel element powers, the coolant flow
patterns within the core could be significantly different at lower reactor powers. Studying
the flow patterns at different reactor powers will show the coolant flow regime (laminar or
turbulent) within the core and how the flow is developed as the reactor power rises from low
powers to full power (1 MW).
The multichannel models developed in this project predict significantly higher mass flow
rates than the single channel models. As the mass flow has a significant impact on the fuel,
clad, and coolant temperatures, measuring the flow rates within the GSTR core will further
demonstrate which model most accurately represents the actual conditions in the core. In
addition, an experiment to measure the water velocity at different vertical positions and at
different flux monitor holes can directly validate the flow patterns predicted by the models.
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The coolant flows can be measured in a variety of ways. For example, positive-displacement
flow meters measure flow by accumulating fixed volumes of fluid and then counting the
number of times that volume is filled. Other flow meters indirectly measure the flow by
the forces produced by the flow stream when the flow overcomes a known constriction. In
addition, a non-contact laser flow velocity sensor could be used to measure the flow rate in
the open channels. This type of sensor measures the water level using an ultrasonic level
sensor and determines the velocity at a point under the water surface by measuring the
frequency shift of the returned light.
The COMSOL multichannel thermal hydraulics model could be improved by coupling
detailed reactor kinetics to the thermal hydraulics model to study the transient thermal
hydraulics behavior of the GSTR reactor and to incorporate the negative temperature
coefficient feedback from the uranium-zirconium hydride fuel. The addition of reactor
kinetics to the model will show the behavior of the GSTR fuel and coolant during reactivity
transients, especially during pulsed operation. A detailed reactor kinetics model could be
coupled with the detailed three-dimensional thermal hydraulics model to account for power
density variations across the GSTR core. This coupling process will show how reactivity
insertions affect water flow, heat transfer, fuel temperatures, cladding temperatures, coolant
temperatures, and void formation in the different GSTR rings as a function of time during
transient operations. The fuel temperature could be updated at each time step to calculate
prompt feedback reactivity insertion to accurately predict the behavior of the GSTR during
reactivity transients.
The developed single channel and multichannel models predict that there is no void
formation within the GSTR coolant channels at the normal GSTR operating power (1 MW).
Designing an experiment to measure the outer clad temperatures of the fuel elements could
show if the developed models accurately predict the outer clad temperatures. The COMSOL
models predict void formation based on the saturation temperature of the water in the
GSTR core, which is >113 ◦C; therefore, adding two-phase physics to the COMSOL models
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to incorporate the three regimes of two-phase flow (nucleate, transition, and film boiling)
could improve the void formation prediction of the COMSOL model.
The COMSOL multichannel model takes up to one week per steady state simulation run.
Developing a three-dimensional multichannel thermal hydraulics model using CFD codes
that incorporate the Finite Volume Method (FVM), such as Ansys Fluent, could improve
the simulation time of these computationally demanding models. COMSOL uses the Finite
Elements Method (FEM) to solve fluid flow, heat transfer, and mass transfer equations by
approximating the solution for differential equations with defined boundary conditions, while
other CFD codes such as Ansys Fluent use the Finite Volume Method (FVM). The FVM is
used in many CFD codes because of its faster solution time.
The experiment to measure the axial temperatures can be improved by designing a
thermocouple inside a 6-7 m long aluminum pipe with an outer diameter of 0.79 cm.
Designing the pipe with these specifications prevents the pipe from moving when it is inserted
in the flux monitor holes (0.79 cm in diameter), and measures the coolant temperatures
exactly in the center of the coolant channels. This could reduce the measurement errors.
Developing a profile thermocouple, which consists of multiple smaller thermocouples placed
inside a single outer sheath, could also improve the experiment. The profile thermocouple
could be placed in the flux monitor holes to record the coolant axial temperatures at different
core heights at the same time using an eight-channel data logger. In addition, the experiment
can be improved by measuring the coolant temperatures in the flux monitor holes at more
than five vertical positions.
The experiment to measure the outlet temperatures can be improved by designing a 6-7
m long aluminum pipe with a specifically designed end so that the end of this pipe can rest on
the top fitting of the fuel elements. The thermocouple can be securely attached to this pipe
and secured to the reactor bridge assembly. Designing the pipe with these specifications
prevents the pipe from moving when it is resting on the top fitting of the fuel elements,
measuring the coolant temperatures at the exact outlet of each ring.
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APPENDIX A - RELAP5/MOD3.3 SINGLE CHANNEL MODEL INPUT FILE
*m: SNAP:Symbolic Nuclear Analysis Package, Version 2.2.9, July 17, 2014
*m: PLUGIN:RELAP Version 4.3.0
*m: CODE:RELAP5 Version 3.3
*m: DATE:6/14/15
******************************






* Noncondensable Gas Species
110 nitrogen
* tend minstep maxstep copt pfreq majed rsrtf
















































* type tflag vflag



















* type tflag vflag
20100200 tbl/fctn 1 2
* thcond
20100201 17.584624
* lower upper a0 a1 a2 a3 a4 a5 c











* type tflag vflag



























* area length vol
1000101 8.2e-4 0.688976 0.0
* az-angle inc-angle dz
1000102 0.0 0.0 0.0
* x-rough x-hd flags
1000103 0.0 0.01309996 0
* cword
1000200 3
* srch press temp
1000201 0.0 1.67188e5 333.15


























* x-wall xhd volid
1030801 2.1336e-6 0.019967 24
* x-flags volid
1031001 0 24
* ebt press temp none none none id
1031201 003 1.60648e5 333.15 0.0 0.0 0.0 1
1031202 003 1.619282e5 333.15 0.0 0.0 0.0 2
1031203 003 1.62112e5 333.15 0.0 0.0 0.0 3
1031204 003 1.622957e5 333.15 0.0 0.0 0.0 4
1031205 003 1.624795e5 333.15 0.0 0.0 0.0 5
1031206 003 1.626632e5 333.15 0.0 0.0 0.0 6
1031207 003 1.62847e5 333.15 0.0 0.0 0.0 7
1031208 003 1.630307e5 333.15 0.0 0.0 0.0 8
1031209 003 1.632144e5 333.15 0.0 0.0 0.0 9
1031210 003 1.633982e5 333.15 0.0 0.0 0.0 10
1031211 003 1.635819e5 333.15 0.0 0.0 0.0 11
1031212 003 1.637656e5 333.15 0.0 0.0 0.0 12
1031213 003 1.639494e5 333.15 0.0 0.0 0.0 13
1031214 003 1.641331e5 333.15 0.0 0.0 0.0 14
1031215 003 1.643169e5 333.15 0.0 0.0 0.0 15
1031216 003 1.645006e5 333.15 0.0 0.0 0.0 16
1031217 003 1.646844e5 333.15 0.0 0.0 0.0 17
1031218 003 1.648681e5 333.15 0.0 0.0 0.0 18
1031219 003 1.650518e5 333.15 0.0 0.0 0.0 19
1031220 003 1.652356e5 333.15 0.0 0.0 0.0 20
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1031221 003 1.654193e5 333.15 0.0 0.0 0.0 21
1031222 003 1.656031e5 333.15 0.0 0.0 0.0 22
1031223 003 1.668834e5 333.15 0.0 0.0 0.0 23
1031224 003 1.670883e5 333.15 0.0 0.0 0.0 24
* fwd. loss rev.loss junid
1030901 2.26 0.0 1
1030902 0.0 0.0 22
1030903 0.63 0.0 23




* mfl mfv unused junid
1031301 0.045359229 0.0 0.0 23
* hd corr gas slope junid




* area length vol
1040101 8.2e-4 0.688976 0.0
* az-angle inc-angle dz
1040102 0.0 0.0 0.0
* x-rough x-hd flags
1040103 0.0 0.01309996 0
* cword
1040200 103
* srch press temp
1040201 0.0 1.60443e5 333.15




* from to area
2020101 100010002 103010001 0.0
* fwd. loss rev. loss efvcahs
2020102 2.26 0.0 0
* discharge thermal
2020103 1.0 0.14
* flow mfl mfv unused




* from to area
2030101 103240002 104010001 0.0
* fwd. loss rev. loss efvcahs
2030102 0.63 0.0 0
* discharge thermal
2030103 1.0 0.14
* flow mfl mfv unused
2030201 1 0.045359229 0.0 0.0
*
********************************
* Heat Structures *
********************************
*
* nh np geom ssif leftcoord reflood









































* Left Boundary Condition Data
* bound incr type code factor node
13030501 0 0 0 1 0.01905 1
13030502 0 0 0 1 0.01905 2
13030503 0 0 0 1 0.01905 3
13030504 0 0 0 1 0.01905 4
13030505 0 0 0 1 0.01905 5
13030506 0 0 0 1 0.01905 6
13030507 0 0 0 1 0.01905 7
13030508 0 0 0 1 0.01905 8
13030509 0 0 0 1 0.01905 9
13030510 0 0 0 1 0.01905 10
13030511 0 0 0 1 0.01905 11
13030512 0 0 0 1 0.01905 12
13030513 0 0 0 1 0.01905 13
13030514 0 0 0 1 0.01905 14
13030515 0 0 0 1 0.01905 15
13030516 0 0 0 1 0.01905 16
13030517 0 0 0 1 0.01905 17
13030518 0 0 0 1 0.01905 18
13030519 0 0 0 1 0.01905 19
13030520 0 0 0 1 0.01905 20
* Right Boundary Condition Data
* bound incr type code factor node
13030601 103030000 0 101 1 0.01905 1
13030602 103040000 0 101 1 0.01905 2
13030603 103050000 0 101 1 0.01905 3
13030604 103060000 0 101 1 0.01905 4
13030605 103070000 0 101 1 0.01905 5
13030606 103080000 0 101 1 0.01905 6
187
13030607 103090000 0 101 1 0.01905 7
13030608 103100000 0 101 1 0.01905 8
13030609 103110000 0 101 1 0.01905 9
13030610 103120000 0 101 1 0.01905 10
13030611 103130000 0 101 1 0.01905 11
13030612 103140000 0 101 1 0.01905 12
13030613 103150000 0 101 1 0.01905 13
13030614 103160000 0 101 1 0.01905 14
13030615 103170000 0 101 1 0.01905 15
13030616 103180000 0 101 1 0.01905 16
13030617 103190000 0 101 1 0.01905 17
13030618 103200000 0 101 1 0.01905 18
13030619 103210000 0 101 1 0.01905 19
13030620 103220000 0 101 1 0.01905 20
* source mult dmhl dmhr num
13030701 100 0.0301 0.0 0.0 1
13030702 100 0.0343 0.0 0.0 2
13030703 100 0.0404 0.0 0.0 3
13030704 100 0.0464 0.0 0.0 4
13030705 100 0.0516 0.0 0.0 5
13030706 100 0.0561 0.0 0.0 6
13030707 100 0.0597 0.0 0.0 7
13030708 100 0.0625 0.0 0.0 8
13030709 100 0.0642 0.0 0.0 9
13030710 100 0.065 0.0 0.0 10
13030711 100 0.0648 0.0 0.0 11
13030712 100 0.0636 0.0 0.0 12
13030713 100 0.0616 0.0 0.0 13
13030714 100 0.0585 0.0 0.0 14
13030715 100 0.0544 0.0 0.0 15
13030716 100 0.0496 0.0 0.0 16
13030717 100 0.044 0.0 0.0 17
13030718 100 0.0377 0.0 0.0 18
13030719 100 0.0308 0.0 0.0 19
13030720 100 0.0247 0.0 0.0 20
* Right Additional Boundary Condition Data
13030900 0
* hthd hlf hlr gslf gslr glcf glcr lbf node




APPENDIX B - TRACE SINGLE CHANNEL MODEL INPUT FILE
*m: SNAP:Symbolic Nuclear Analysis Package, Version 2.2.9, July 17, 2014
*m: PLUGIN:TRACE Version 3.3.7





* main data *
*************
*
* numtcr ieos inopt nmat id2o




















* stdyst transi ncomp njun ipak
0 1 5 2 0
* epso epss
1.0E-4 1.0E-4
* oitmax sitmax isolut ncontr nccfl
10 10 0 0 0
* ntsv ntcb ntcf ntrp ntcp
1 5 0 0 0
*
*************************
* component-number data *
*************************
*
* Component input order (IORDER)
*-- type ---- num ------------- name ---------------- + jun1 jun2 jun3
* PIPE * 10 s * + 10 20
* FILL * 20 s * + 10
* BREAK * 30 s * + 20
* HTSTR * 40 s * +
* POWER * 50 e * +
*
***********************




* matb* 50 51 52 e
* ptbln* 7 7 7 e




* prptb temp rho cp cond emis
* prptb* 273.15 6504.0 280.8 21.93 0.48s
* prptb* 400.15 6504.0 298.48 19.57 0.48s
* prptb* 600.15 6504.0 320.34 19.0 0.48s
* prptb* 800.15 6504.0 340.46 19.88 0.48s
* prptb* 1000.15 6504.0 360.09 21.46 0.48s
* prptb* 1200.15 6504.0 379.52 23.49 0.48s
* prptb* 1500.15 6504.0 408.51 27.17 0.48e
*




* prptb temp rho cp cond emis
* prptb* 273.15 6549.6 485.38 18.8 0.79s
* prptb* 400.15 6549.6 566.24 18.94 0.79s
* prptb* 600.15 6549.6 693.57 19.17 0.79s
* prptb* 800.15 6549.6 820.91 19.39 0.79s
* prptb* 1000.15 6549.6 948.25 19.61 0.79s
* prptb* 1200.15 6549.6 1075.58 19.83 0.79s
* prptb* 1500.15 6549.6 1266.59 20.17 0.79e
*




* prptb temp rho cp cond emis
* prptb* 275.0 1.284 1003.8 0.02428 0.0s
* prptb* 400.0 0.8824 1013.5 0.03365 0.0s
* prptb* 600.0 0.5883 1051.1 0.04661 0.0s
* prptb* 900.0 0.3922 1120.9 0.06276 0.0s
* prptb* 1200.0 0.2941 1174.6 0.0764 0.0s
* prptb* 1400.0 0.2521 1200.5 0.0845 0.0s





* Starting Signal Variable Section of Model *
**************************************************
*
* idsv isvn ilcn icn1 icn2
1 0 0 0 0
**************************************************







* Starting Control System Section of Model *
*********************************************
*
****** Control Blocks ******
*n: Liquid Temperature
*
* idcb icbn icb1 icb2 icb3
190
-1 -9 0 0 0
* Title Name
cbtitle TLin
* cbgain cbxmin cbmax cbcon1 cbcon2
1.0 -1.0E20 1.0E20 333.15 0.0
*
*n: Vapor Inlet Temperature
*
* idcb icbn icb1 icb2 icb3
-2 -9 0 0 0
* Title Name
cbtitle TVin
* cbgain cbxmin cbmax cbcon1 cbcon2




* idcb icbn icb1 icb2 icb3
-3 -9 0 0 0
* Title Name
cbtitle Pin
* cbgain cbxmin cbmax cbcon1 cbcon2
1.0 -1.0E20 1.0E20 1.670883E5 0.0
*
*n: Vapor Foid Fraction
*
* idcb icbn icb1 icb2 icb3
-4 -9 0 0 0
* Title Name
cbtitle Vfraction
* cbgain cbxmin cbmax cbcon1 cbcon2




* idcb icbn icb1 icb2 icb3
-5 -9 0 0 0
* Title Name
cbtitle
* cbgain cbxmin cbmax cbcon1 cbcon2
1.0 -1.0E20 1.0E20 -1.0E6 0.0
*
*********************************************






******* type num userid component name
pipe 10 0 unnamed
* ncells nodes jun1 jun2 epsw
24 0 10 20 0.0
* nsides
0
* ichf iconc pipetype ipow npipes
1 0 0 0 1
* radin th houtl houtv toutl
0.0 0.0 0.0 0.0 0.0
* toutv pwin pwoff rpwmx pwscl
0.0 0.0 0.0 0.0 0.0
* dx * 0.02125 0.132738 0.01905 0.01905s
* dx * 0.01905 0.01905 0.01905 0.01905s
* dx * 0.01905 0.01905 0.01905 0.01905s
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* dx * 0.01905 0.01905 0.01905 0.01905s
* dx * 0.01905 0.01905 0.01905 0.01905s
* dx * 0.01905 0.01905 0.132738 0.02125e
* vol * 1.19E-5 7.43333E-5 1.0668E-5 1.0668E-5s
* vol * 1.0668E-5 1.0668E-5 1.0668E-5 1.0668E-5s
* vol * 1.0668E-5 1.0668E-5 1.0668E-5 1.0668E-5s
* vol * 1.0668E-5 1.0668E-5 1.0668E-5 1.0668E-5s
* vol * 1.0668E-5 1.0668E-5 1.0668E-5 1.0668E-5s
* vol * 1.0668E-5 1.0668E-5 7.43333E-5 1.19E-5e
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4 2.74646E-4 2.74646E-4 2.74646E-4s
* fa * 2.74646E-4e
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0 0.0 0.0 0.0s
* kfac * 0.0e
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0 1.0 1.0 1.0s
* grav * 1.0e
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187 0.0187 0.0187 0.0187s
* hd * 0.0187e
* nff * 1 1 1 1s
* nff * 1 1 1 1s
* nff * 1 1 1 1s
* nff * 1 1 1 1s
* nff * 1 1 1 1s
* nff * 1 1 1 1s
* nff * 1e
* alp * 0.0 0.0 0.0 0.0s
* alp * 0.0 0.0 0.0 0.0s
* alp * 0.0 0.0 0.0 0.0s
* alp * 0.0 0.0 0.0 0.0s
* alp * 0.0 0.0 0.0 0.0s
* alp * 0.0 0.0 0.0 0.0e
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0 0.0 0.0 0.0s
* vl * 0.0e
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0 0.0 0.0 0.0s
* vv * 0.0e
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* tl * 333.15 333.15 333.15 333.15s
* tl * 333.15 333.15 333.15 333.15s
* tl * 333.15 333.15 333.15 333.15s
* tl * 333.15 333.15 333.15 333.15s
* tl * 333.15 333.15 333.15 333.15s
* tl * 333.15 333.15 333.15 333.15e
* tv * 333.15 333.15 333.15 333.15s
* tv * 333.15 333.15 333.15 333.15s
* tv * 333.15 333.15 333.15 333.15s
* tv * 333.15 333.15 333.15 333.15s
* tv * 333.15 333.15 333.15 333.15s
* tv * 333.15 333.15 333.15 333.15e
* p * 1.670883E5 1.668834E5 1.656031E5 1.654193E5s
* p * 1.652356E5 1.650518E5 1.648681E5 1.646844E5s
* p * 1.645006E5 1.643169E5 1.641331E5 1.639494E5s
* p * 1.637656E5 1.635819E5 1.633982E5 1.632144E5s
* p * 1.630307E5 1.62847E5 1.626632E5 1.624795E5s
* p * 1.622957E5 1.62112E5 1.619282E5 1.60648E5e
* pa * 0.0 0.0 0.0 0.0s
* pa * 0.0 0.0 0.0 0.0s
* pa * 0.0 0.0 0.0 0.0s
* pa * 0.0 0.0 0.0 0.0s
* pa * 0.0 0.0 0.0 0.0s
* pa * 0.0 0.0 0.0 0.0e
*
*
******* type num userid component name
fill 20 0 unnamed
* jun1 ifty ioff
10 10 0
* iftr ifsv nftb nfsv nfrf
0 0 0 0 0
* twtold rfmx concin felv
0.0 0.0 0.0 0.0
* dxin volin alpin vlin tlin
0.02125 1.19E-5 0.0 0.0 333.15
* pin pain flowin vvin tvin
1.670883E5 0.0 0.0 0.0 333.15
* ifmlsv ifmvsv iftlsv iftvsv ifasv
0 0 -1 -2 -4




******* type num userid component name
break 30 0 unnamed
* jun1 ibty isat ioff adjpress
20 0 0 0 0
* dxin volin alpin tin pin
0.02125 1.19E-5 0.0 333.15 1.60443E5
* pain concin rbmx poff belv




* Starting Heat Structure Section of Model *
********************************************
*
******* type num userid component name
htstr 40 1 unnamed
* nzhstr ittc hscyl ichf
20 0 1 1
* nofuelrod plane liqlev iaxcnd pdrat
1 3 0 1 0.0
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* nmwrx nfci nfcil hdri hdro
0 0 0 0.0 0.0
* nhot nodes fmon nzmax reflood
0 32 0 260 0
* dtxht(1) dtxht(2) dznht hgapo
0.0 0.0 1.0E-3 6300.0
*
* idbcin * 0 0 0 0s
* idbcin * 0 0 0 0s
* idbcin * 0 0 0 0s
* idbcin * 0 0 0 0s
* idbcin * 0 0 0 0e
* idbcon * 2 2 2 2s
* idbcon * 2 2 2 2s
* idbcon * 2 2 2 2s
* idbcon * 2 2 2 2s





















* hcomon2 * 10 3 0 0e
* hcomon2 * 10 4 0 0e
* hcomon2 * 10 5 0 0e
* hcomon2 * 10 6 0 0e
* hcomon2 * 10 7 0 0e
* hcomon2 * 10 8 0 0e
* hcomon2 * 10 9 0 0e
* hcomon2 * 10 10 0 0e
* hcomon2 * 10 11 0 0e
* hcomon2 * 10 12 0 0e
* hcomon2 * 10 13 0 0e
* hcomon2 * 10 14 0 0e
* hcomon2 * 10 15 0 0e
* hcomon2 * 10 16 0 0e
* hcomon2 * 10 17 0 0e
* hcomon2 * 10 18 0 0e
* hcomon2 * 10 19 0 0e
* hcomon2 * 10 20 0 0e
* hcomon2 * 10 21 0 0e
* hcomon2 * 10 22 0 0e
* dhtstrz * 0.01905 0.01905 0.01905 0.01905s
* dhtstrz * 0.01905 0.01905 0.01905 0.01905s
* dhtstrz * 0.01905 0.01905 0.01905 0.01905s
* dhtstrz * 0.01905 0.01905 0.01905 0.01905s
* dhtstrz * 0.01905 0.01905 0.01905 0.01905e
* rdx * 1.0e
* radrd * 0.0 3.175E-3 3.9193E-3 4.6636E-3 5.4079E-3s
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* radrd * 6.1522E-3 6.8965E-3 7.6408E-3 8.3851E-3 9.1294E-3s
* radrd * 9.8737E-3 0.010618 0.0113623 0.0121066 0.0128509s
* radrd * 0.0135952 0.0143395 0.0150838 0.0158281 0.0165724s
* radrd * 0.0173167 0.018061 0.018081 0.018101 0.018121s
* radrd * 0.018141 0.018161 0.0182626 0.0183642 0.0184658s
* radrd * 0.0185674 0.018669e
* matrd * 50 51 51 51 s
* matrd * 51 51 51 51 s
* matrd * 51 51 51 51 s
* matrd * 51 51 51 51 s
* matrd * 51 51 51 51 s
* matrd * 51 52 52 52 s
* matrd * 52 52 6 6 s
* matrd * 6 6 6 e
* nfax * 1 1 1 1s
* nfax * 1 1 1 1s
* nfax * 1 1 1 1s
* nfax * 1 1 1 1s
* nfax * 1 1 1 1e
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
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* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
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* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15s
* rftn * 333.15 333.15 333.15 333.15e
********************************************







* Starting Power Components *
*****************************************
*
******* type num userid component name




* htnum * 40 e
* irpwty ndgx ndhx nrts nhist
5 0 0 100 0
* izpwtr izpwsv nzpwtb nzpwsv nzpwrf
0 1 1 0 0
* ipwrad ipwdep promheat decaheat wtbypass
0 0 0.0 0.0 0.0
* nzpwz nzpwi nfbpwt nrpwr nrpwi
0 0 0 1 0
* react tneut rpwoff rrpwmx rpwscl
0.0 0.0 0.0 1.0E20 1.0
* rpowri zpwin zpwoff rzpwmx
2.0E4 0.0 0.0 0.0
* extsou pldr pdrat fucrac
0.0 0.0 1.0 1.0
* rdpwr * 0.0 0.0 0.044078 0.04409 0.044272s
* rdpwr * 0.044447 0.044752 0.045189 0.045605 0.046139s
* rdpwr * 0.046729 0.047427 0.048257 0.049252 0.050295s
* rdpwr * 0.051481 0.052888 0.054503 0.05639 0.058563s
* rdpwr * 0.061206 0.064437 0.0 0.0 0.0s
* rdpwr * 0.0 0.0 0.0 0.0 0.0s
* rdpwr * 0.0 0.0e
* cpowr * 1.0e
* zpwtb1* 0.0s
* zpwtb1* 0.0301 0.0343 0.0404 0.0464 0.0516s
* zpwtb1* 0.0561 0.0597 0.0625 0.0642 0.065s
* zpwtb1* 0.0648 0.0636 0.0616 0.0585 0.0544s
* zpwtb1* 0.0496 0.044 0.0377 0.0308 0.0247e
*****************************************








* Timestep Data *
*****************
* dtmin dtmax tend rtwfp
1.0E-6 1.0 100.0 10.0
* edint gfint dmpint sedint





APPENDIX C - SUPPLEMENTAL ELECTRONIC FILES
The two-dimensional axisymmetric COMSOL single channel model file, three-dimensional
COMSOL single channel model file, COMSOL multichannel model file, and RELAP5
multichannel model file are included as part of the electronic annex to the thesis. As listed in
the table below, the first and second electronic files are the COMSOL single channel models
of the GSTR used to predict the GSTR fuel, clad, and coolant temperatures as described in
Chapter 3. The third and fourth electronic files are the COMSOL and RELAP5 multichannel
models of the GSTR used to predict the flow patterns that exist within the GSTR core and
study the impact of coolant cross-flow on the coolant temperatures as discussed in Chapter
4.
File Description
Two Dimensional COMSOL Single Channel Model.mph File of the Two-dimensional
axisymmetric COMSOL
single channel model
Three Dimensional COMSOL Single Channel Model.mph File of the three-dimensional
COMSOL single channel
model
Three Dimensional COMSOL Multichannel Model.mph File of the three-dimensional
COMSOL multichannel
model
RELAP5 Multichannel Model.i Input File of the RELAP5
multichannel model
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